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SECTION I

INTRODUCTION

1his report describes work perfirmed under the extension (Supplemental

Agreement P00007) of the Aircraft Hydraulic System Perforwanze Analysis contract.

This effort was a continuation of the basic contracL, the results of which were

reported in Reference (1).

The task involved the development and verification by test of digital

computer models and/.r programs in four areas.

1. HYDRAULIC LINE MECHANICAL RESPONSE (HLMR)

A test program was conducted to determine the mechanical resonances and

mode shapes of hydraulic lines due to internal excitation by flow/pressure

IAlsations from a typical piston-type hydraulic pump. The objective was to develop

and verify a comput.ar program for predicting line mechanical response based on

pump flow/pressure pulsations predicted by the Hydraulic System Frequency Response

(HSFR) program, which was developed during the basic contract. Basic data for

the design of central hydraulic piping systems was obtained as well as the effects

of an intermediate elastomeric pipe support.

2. F-15 PISTON PUMP MODEL VERIFICATION

An P-15 instrumented hydraulic pump (Abex) was used during the basic contract

to verify the pump Hydraulic Transient Analysis (HYTRAN) model. A direct case

pressure pickup was added to the pump and certain tests were repeated. Direct

case pressure data was utilized along with additional analysis of original veri-

fication data to furtber improve the pump model.

3. VANE PUTp MODEL DEVFLOPMENT AND VERIFICATION

HSFR and HYTRPAN models were developed and verified by test for a variable

volume vane pump. The unit modeled and tested was the vane stage of the main

fuel pump (MFP-330) on the F-1O0 turbojet engine. It was designed ani is supplied

by Clandler Evans Inc., Control Systems Division. The pump was tested using MIL-H-

5606B hydraulic oil consistent with previous model development work and the

established Hydraulic Performance Analysis Test Facility (HPAF).

4. HYDRAULIC mcyrof MODEL DTVELOPtTNT AND VERTFICATION

HSFR and KYTRAN models were developed and verified by test for a constant

I. displacement, piston-type hydraulic motor. The unit modeled and tested was

designed and suplied bvyAero-Hydraulics, Inc. (TCe Garrett Corporation).

The test motor is used in the F-18 leading edge manuevering flap system, and similar

units are used in F-15, F-14, and B-I applications.

"\~



Test methods and inst-umentation were the sAme as described in Reference (1)

for test work during the basic program. Special test setups required for the

vane pump and hydraulic motor are described in subsequent sections of this report.

Computer models developed during the supplemental contract are in the same format

as those developed during the original contract, and are compatible, "building

block" additions to the HSFR and HYTRAN computer programs documented in References

(2) t hrough (5).
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SECTION II

HYDRAULIC LINE MECHiANICAL RESPONSE (HLMR) PROGRAM

Hydraulic line vibrations due to pulsations from axial piston-typ pumps

can create serious problems in aircraft. These internal forcing functiotns cause

the hydraulic system lines to vibrate and transmit loads into support~ng structure.

The importance of developing analytical tools coupled with experimental tests

was recognized by AFAPL and funds were allocated in the program extension to

pursue this development.

The objectives of the HfLMR program effort were to:

o Develop and verify a computer program for prediciting line mechanical

response due to predicted pump pulsations.

o Provide basiz data for the design of piping systems.

o Provide information regarding intermediate supports.

The test program included determining the mechanical resonances and male

shapes due to pump excita. .on of three configurations: i straight pipe, a

pipe with a 90-deg.' bend, 4nd a pipe with two 90-deg. bends (dogleg). In

addition. the effect of an intermediate elastomeric supyort was evaluated.

1. BACKGIOUND

a. Previous MCAIR Effort

An initial effort to evaluate the mechanical response of a hydraulic ia-

stallation due to internal forcing functions was reported in Reference (6).

This preliminary investigation used forciuig functions from the pressure and

flow transmitted by the pump, as provided by the HSFR computer program. The

results indicated that the hydraulic line normalized amplitudes varied

directly with the intensity of the forcing function. Although the program's

predictions indicated the amplitude trend, it did not duplicate the mechanical

resonanccs.

4 b. Literature Survey

A review of published llteracure wqs conducted to determine the extent

of work performed on fluid-line coupling analyses. Appendix A presents an

annotated bibliography ot the literature surveyed.

"It was determined that mich effort has been devoted to analyzing large

piping systems transporting oil through the Arabian fields, water within Navy

shipboard piping, and acadnecic stylized systems. Except for tho Navy studies,

all analyses roncentrated on strailft pipes with different support conditions

and variatloios in internal fluid veioclty. None studied the coupling between

hydraulic punp piilsatlonr and line rechanlcal responsc..
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2. TEST SET-UP AND PROCEDURES

Three different pipe configurations nf equal length, Figure ', were

installed in MCAIR's HPAF test fixture. The specimens consisted of one-inch

outside diameter, with .,'%l-in. wall thickness, 3AL-2.5V titanium tubes;

a straight pipe, a pipe with a single 90-deg. bend, and one with two 90-deg

bends (dogleg). In each case the pipe was rigidly mounted at each end using

Dynatube fittings between brackets, Figure 2, attached to a steel plate. In

the test set-up, the pipe specimens were part of the pressure system between

the pump and the flow ccnLrol valve, and isolated from extraneous mechanical

vibration inputs in order to determine only the effect of the pump pulsations.

The test circuit included a trombone tube section~to permit adjustmeni, of the

standing wave location in the test specimen. The test fluid was MIL-H-5606B

F hydraulic oil.

Tests with an iutermedcate support placed at therlocations shown in

Figure I were conducted to determine the effect of an elastomeric clamp on

line responses.

Six single axis accelerometers were installed on each specimen at the

same location with respect to the pipe centerline. 'Triaxial accelerometers

to record data sinultaneously along three orthogonal axis were not ermlovpA,

since their weight •k•Id have affected the line response. Lightweight siagle

axis accelerometers wcre used to minimize this effect. Tests had to be repeated

for each axis thereby in,!reasing test time for each configuration.

Pressure transdur ers and thermocouples were installed in the test

set-up. The standing pressure wave in the test line was determined as a function

of pump speed, by means of a roving transducer.

All the test data was run with a pump outlet flow-of 2.0 gpm and a nominc.l

pump inlet temperature of 130 0 F. Each test specimen was run unclampe'i and

clamped before roving the accelerometers to a different axis. A pump -ýeed

sweep from 1000 to 5000 rpm was made while recording analog data on tap4e.

Data plots of acceleration as a function of pump speed were made from tbe tapes.

iThese plots were used to Identify the pump speeds at each mechanica] resonance.

Then, for each significant mechanical resonance condition,spectrum analyses

were obtained while dwelling the pump at the resonant speed. In addithon, the

phase relationship was obtained between a reference accelerometar and all other

accelerometers.
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3. TEST RESULTS

a. Pump Pressure Pulsations

The standing pressure wave was determined from the graphical data of fundamental

pressure peaks versus pump speed at a number of pre-set locations usinr' :

roving transducer. As prevy usly mentioned, all test data was obtaineu dith

a pump outlet f' 'w of 2 gpm and a )ump inlet temperature of 1301F.

The results summarized in Figure 3, indicate three resonance speeds.

Pump speeds above and below those shown have lower peak values and have

waves with translational nodes as seen in Figures 4 through 8.

PUMP SPEED(RPM)
PEAIk 43G00 SPECIMEN

PRESSURE
(PSO 1600-' -

S00-

040 20 4C -0

OiSrANCE FROM PUNIP -IN

FIGURE 3. HYDRAULIC RESONANCES
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b. Line Resne

Line response data reduction was made in terms of mode shapes for the tt~ree

configu'rations. The graphical presentation made herein shows the normalized

deflection, base or. maximum amplitude/acceleration. ca a function of pipe

length for each resonance speed. In addition the reference accelerat~ion

previously mentioned is shown for each case., For specimens with bends, the.

inplane and out-of-plane mod&±s are shotm for a visualization of the motions

involved. It Is seen that the cushioned elastomeric clamp had no effect on

restraining the line (almost identical mode shapes) but slightly lowered

the acceleration'.

(1) Strai~ht Pjp

Both unclamped and clanrped configurations exhibit almost identical

mode shapes, Figures 9 and 11, equivalent to the third harma~nic at the same3

excitatiorn level. Note that che line resonance condition coincides with the

sepond resonance of the stcnding pressure wave.

The clamped set-up had a slightly higher acceleration with the clamnp

providing no physical effect on the mode shape. lir ever, it did produce

another distinct resonance, Figire 10. chara-cterized by a longitudinal accelera-

tion VwhfC) WAS the h1gbest for the straight line configuration.
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(2) One-Elbow Pipe

Unclamped and clamped configurations had identical resonances, similar

mode shapes and accelerations slightly lower for the latter case. Both set-ups

had a recurring frequency at 1030-103,5 Hz corresponding to higher harmonics' of

the pump speeds shown on Figures 12 and 15. The basic mode shape for these

cases have two nodes such that the inplane normalized deflections show the,

characteristics of the third mode of a cantilever or fixed-pinned beam for the

first leg, and the first mode for the second leg. The out-of-plane deflections

compare with those of the third mode for a fixed-fixed beam.

Peak accelerations for this configuration occurred at the elbow in the

inplane direction. Interestingly, the second standing Tressure wave resonance

at 2900 RPM also excited a mode shape similar to the previously discussed

inplane deflections for 1035 Hz. However, there was little motion in the out-

of-plane direction although only the clamped version was 'measured as seen in

Figures 13 and 16.

i The only frequency occurring on the first harmonic of the pump speed isf at 653 Hz (4350 RIN) and produced the maximum accelerations for both the unclautped

and clared confignrations wth the latter having a slightly (tan percent) lower

ai-celerptions. The Inplai mode shapes, seen in Figures 14 and 17, are basically

the first leg motion coupled to that of the second leg witb the maximarm acceleration

measurement at the station after the elbow, ae-Ay from the putap.
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(3) Two-Elbow Pipe

Two fundamental resonances were encountered in this configuration for

the unclasped and clamped set-ups. Both sets have similar mode shapes. The

out-of-plane peak response occurs at 2900 RPM, the second standing wave resonance,

with the saximum defleeiion midway of the first l,-g as seen in Figures 18 and 20.

In addition, the measured accelerations are close to each other. However, the

maximum accelerations occur in the inplane direction with lateral cross-tube

motions as shown in Figures 19'and 21. Peak eccelerations in the clamped set-up

were 15 percent lower than the unclamped version.

(4) Comparison Between Internal and External Data

Graphical superposition of the peak pressures and accelerations are shown

in Figures 22 through 28 for the three test configurations. The general trend

for the straight and two-elbow lines is for the peak acceleration to occur

in the vicinity of zero peak pressure, and for the one-elbow line to have the

pressure and acceleration to peak almost simultaneously. A possible explanation

-/ to this disparity could be the number of section or legs in a line. Thus, a

straight and a two-elbow pipe consist of "odd" sections, and the one-elbow has
"even" (two legs) sections.

JPLAR E 0

NZMALI1ET - 4 . PUMP SPEED ?Oq0ORPM(43Sl)

FRt.OUENC'( 435 141

DEFLECT•i•O -

I 0 1
OUT- Or- PL~t.£

CMI4LIED_

2. Dfr 410 60- ! _ _..... . .. . ........ . ..

FIGURE 18. HYDPAI'LIC SYSTEM LINE RESPONSE
TWO-ELBOW PIPE UNCLA4iPED MODE SHAPE DATA
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0 JFREQUE.WCY 690 141
tDEF LECT1ON

OUT-OF-Pt AFtE

DEFLECT'Or40 20({
32 0 3 10 50o

FIGURE 19. HYDRAULIC SYSTEM LINE RESPONSE
TWO-ELBOW PIPE UNCLAMPED MODE SHAPE DATA
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I CCLAM4P
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- ~FREQUENCN' 43S VA?

1 0 -
OUT-OF- PLAN'IE

0 0,
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FIGURE 20. HYI)RAULIC SYSTEM LTNEF RESPONSE
TWO-ELBOW PIPE CLN MPED MODE SHAPE DATA
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FIGURE 21. HYDRAULIC SYSTEM 'LINE RESPONSE
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FIGURE 22. STRAIGHT PIPE UNCLAMPED 2900 RPM 435 HZ
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(5) Elastomer Flexibility

The clamp elastomer was subjected to successive weights in the test

set-up shown in Figure 29. Also shown is a cross-sectional view of the wedge-shaped

yellow nitrile clamp elastomer. The results shown in Figure 30, indicate that with

increases of one-pound or five-pound weights produce equal slopes or a flexibility

(spring rate) of 1290 lb/in. This value can be used in future support flexibility

studies.

(6) Strain Measurements

Strain measurements were made on the one-elbow (L-shaped) pipe in the

unclamped and clamped configurations to evaluate pump effects. This was beyond

the scope of the program. Two gages were placed 3!8-inch from the line

specimen edge closest to the pump. One gage was installed to register,

the longitudinal strain and the other for the circumferential strain. The

two gages were attached to the tubing 90-degrees apart with the circumferential

strain on the bottom pipe surface and the longitudinal strain on the pipe surface

towards the inside of the pipe bend (horizontal plane).

COMP.-F-5-- 1V F04M~E ,

READ 6ut

H•MEMADE CoMPRESSOR
6RtACkET

M~ETAL PLATE

T-75- -

FIGURE 29. ELASTOMER FLEXIBILITY TEST SET-UP •
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A Tat Na 2

45

835
IL

25

.�jcing rate = 1290 Ibf;n

0 0.01 0.02 0.03
Deflection - in.

FIGURE 30 ELASTOMER FLEXIBILITY TEST
Yellow Nitrile

The measured strains were approximately equal for all resonance conditiois
encountered arid are summarized �s follows:

Test Set-Un Direction Strain (Microinches/Inch)

Unclamped Longitudinal 250

Circumferential 1080

Clamped Longitudinal 300

Circunterenrial 1130
The calculated lon-=jtudi�ial and circumferential stresses from the measured

strains were about 20 percent and 10 percent lower for the unclamped and clamped

comfigurat�ons, respectively, than those stresses calculated from pressure and

geometric considerations.

The results are inconclusive and additional testing is needed, since

F-15 Iron Bird has shown the expected variation in stress as a function of

tn�tiOn.

22
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4. ANALYTICAL PROCEDURES

a. Terminology

As previously shown the frequency response data can be used to characterize

the shape of deformation of a line associated with each natural frequency or

resonance. These unique deformation distributions along the pipe are herein

referred to as mode shapes. These mode shapes provide visual means of analyzing

the dynamical behavior of a hydraulic line.

A brief review af fundamental considerations in pipe vibrations is appropriate.

(1) Degrees-of-Freedom

This refers to the number of independent quantities defining the position

of ý% system. This means that a system consisting of a mass attached to a massless

spring and constrained to a unidirectional motion has one degree of freedom because

the system is defined by the deflection of the spring. On the other hand, a simply

&,.spcrte d (pinned-pinned) beam or pipe has an infinite number of degrees of freedom.

�-�. is due to the flexibility of each element relative to adjoining ones which

r•eý,-ie an infinite number of element deflections to describe the position

c 4 LP-it etely.

(2:' Vibration Modes

The number of rrincipal modes is equal to the number of degrees of

fr,4-m. Frequencies of the principal modes oi oscillation are called natural

frequencies. The lowest natural frequency is called the first or fundamental

7ode of -ib-ation. o pipe, or beam, has an infinice numtEr of principal

(3) r~eso-nce

.etsonance is a phenomenon which occurs when a cystem is excited

per:ýLdical;:. (such as by pump pulsations) with a frequency at or very near the

natuiýl tree•uancy of the system. At this condition, If the demping of the system

s. 3akl ths system will respond with large amplitudes which have undesirable

c effec.s.

getv-ý.ý supports or clamps, a pipe is a beam with uniform mass distribution.

Rae'- reptrained length possesses an infinite number of degrees of freedom,

=.•L~e.,:zly vibration may occur in an infinite number of modes singly or in

,ýmbtrti on. Table 1 gives an overview of vibration modes as a function of

va: ,-.•, supports. The frequency factor (multiplier) given in the right hand J
column Is an indication of how the higher model freTrpencies vary under basic

conditicns. !or example, corJpnring the factors, the first and second natural

frequencies of a fixed3-fixed pipe will be the s-nie as the second and third

natural freqiencies of a cantilever pipe with the same geometric characteristics.
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TABLE 1. PIPE FREQUENCY OVERVIEW

SUPPORT MODE5 OF VffRA"TION FACTOR

CANTILEVERP. SECOND Zz.A

FtRS'T 9. 87

PTNME1R- IPI"MýEV ZECOAD 39.5

"rTHMRD B A.9

FIXED-PINNELE SECOND 50.0

THIR D !04.

F i ST 2-2. ,

FIXED-FIXED SECOND -i.-'

b. Straight Pipe: Transverse and Longitudinal Vibrations

For a straight pir.e or beam, the transverse and longitudinal frequencies

have b!en studied by a number of authors such a, those in References 7 and 8.

A short computer program including the effe-ts of a fluid in the pipe

has been accomplisbed (Appendix B) and provided the inputs for Figure 31, which

shows the effects of varying pipe length between fixed supports. Reducing the

length by one-half causes a four-fold increase in the fundamental frequency

and a potentially destructive effect if it falls within the pump operating

regime. Note that the frequency is approximately the same for aluminum, steel,

and titanium tubes. This is because the ratios of modulus of elasticity to der'.ty

for these materials are nearly equal. The factors shown indicate the effect of fluid

on frequencies. Reducing the pipe diameter or increasing the wall thicknebs lowers

the frequetcy since for a 6.ven length the modifying parameter is the

square root of Ehe Inertla-area ratio as shown in Figure 32. Although the

computer program p:esented in Appendix B is for a pipe with fixed or built-in

ends, tfe fundamental and higher order frequenc•.-s for a straight pipe of

any ler, gth between various types of non-flexible supports can be determined

"by means of the frequency factors provided ia Table 1.
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FLUID: RED OIL AT 130eF, 3000PsI

• •--• F-4 x.065 -

PIPE LENGTH PUMP

5ui'PoRTS-IN RGM
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FIGURE 31. STRAIGHT PIPE BENDING VIMRATIONS
FIXED-FIXED SUPPORTS

0.7 - - --

W.ll thicknen
0.6 0032-

0 o7d-.'s -.I

0.51

.le i 0.4.. .

0.3
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FIGURE 32 INERTIA AREA RATIO EFFFCTS ON V1frRATIOf$S

Equal Pipe Lenglln
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A brief investigation was made into the effect of clamp elastomer flexibility,

Figure 33, which indicates that for midspan clamp tiffnesses below 30C lb/in.

(test elastomer 1290 lb/In.), the critical speed is only dependent on pipe

length. As the spring rate/stiffness is substantially increased, there is the

danger of having the critical speed within the pump operating regime.

c. One-Elbow Pipe Vibrations

Programs were developed for the in-plane and out-of-plane vibrations and

are included in Appendix B. For the inplane vibrations, the analysis is based

on simplified analysis using frequency factors shown in Table 1 for the

appropriate end conditions and modes. In addition, Dunkerley's method was

used to find the coupling frequencies. The method is used to find the

approximate value of the frequencies of shafting systems. The formula is as

follows:

1 -1 + I + I +---+l
2 2 2 2 2

f fl f2 f3 fn

where f is the approximate fundamental natural frequency of the system, and
* fl, f2, f3, --- fn are the natural frequencies of a single mass of a multi-degree

of freedom system. The limitations imposed on the program is its applicability

to pipes with 90-deg bend angles.

The results are shown in Figures 34 and 35 for the test pipe size (I.0O-O.D.
x .051 wall) and indicates the effect of material type and leg length on frequency.

The numbered modes have been detailed in Table 1. It is seen that for a titanium
pipe of equal leg lengths of 23 inches, there are no inplane vibrations of

significance within the pump operating regime.

For the out-of-plane vibrations, the analytical development is shown in

Appendix C and the computer program incorporated In Appendix B. Computer runs
were performed for two different pipe sizes and the results are shown in Figure 36.

Variation of leg lengths and type of material aze not as important as the pipe

length betwcen supports. Thus, undesirable out-of-plane vibrations are

encountered in the operatia,- regime if the distance between supports are

in the viciLnty of 20 il:ches of less.

d. Two-Elbow ?ipe Vibrations

The Inpiane Rnd out-of-plane vibration analysis were developed using similar

techniques as the one-elbow inplane analysis. The derivation of the equations of
mrit-in for the cr-ssp12e (middle leg) translational and torsional modes are

shown ia Appendix C.
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FIGURE 35. ONE-ELBOW PIPE INPLANE VIBRATIONS
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FIGURE 36 ONE-ELBOW PIPE OUT-OF-PLANE VIBRATIONS
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5. ISJEL VERIFICATION

a. Test Data Summry

Pictorial representations of the relationship between resonances and pump

speed, for the data previously reported, are summarized in Figures 37 through 39

for the straight pipe, one-elbow pipe, and two-elbow pipe, respectively. There

are two basic sets of data in each figure. The first set are the horizontal

lines which indicate the natural frequencies measured on the test set-up. The

second set is the radial arrangenent of straight lines, with a common po 4 nt at

the origin of the rectangular coordinate system, which depicts the relationship

between the exciting frequency and the pump speed. These radial lines have slopes

equal to the harmonics of the pump, which is the number of oscillations per revolution.

The intersections of these radial lines (hydraulic exciting frequencies) with

the horizontal lines (natural mechanical frequencies) indicate conditions of

resonance.

Although tests indicated three hydraulic resonances at pump speeds of

1600 rpm, 2900 rpm, and 4300 rpm, none excited a fundamental mechanical resonance.

At 1600 rpm no significant mechanical responses were measured in any of the three

test configurations. The other two pump speeds produced the larger responses in

terms of measured accelerations.

(1) Straight Pipe

The test data summary is shown in Figure 37. At 2900 rpm, the pipe is

responding similarly to the third mode of a beam with built-in ends. The measured

frequency at this mode was 435 Hz. This is close to the computed value of 409.3 Hz.

At 4350 rpm, a longitudinal excitation was measured at 653 Hz. This value

is almost half the calculated frequency of 1370 Hz indicating possible interaction

with pipe overhang just outside the supporting brackets or the brackets themselves

when a clamp is used.

(2) One-Elbow Pipe

The hydraulic resonances at 2900 rpm and 4300 rpm resulted in predominantly

inplane motions. As seen in Figure 38, the peak accelerations were measured at

the first harmon..c of the pump speed, with 315-G for the unclamped case reduced

to 286-G for the clamped version, on the accelerometer located after the elbow,

away from the pump. Higher order mechanical responses were measured at 1030-1035

Hz which excited both inplane and out-of-plane motions. The calculated out-of-plane

fundamental frequency is 43.8 Hz which is so low with respect to the pump operating

regime that it precludes any coupling with mechanical or hydraulic resonances

for the system tested.
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FIGURE 37. HLR TEST DATA SUlINMARY
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FICURE 38. HLMR TEST DATA SUMMARY
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low400G (Unclamped)
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FIGURE 39. HLMR TEST DATA SUMMARY
Two-Elbow Pipe
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(3) Two-Elbow Pipe

Sttilarly, the measured data is sw, arize% in Figure 39. The two

rer3nances shown, with insets providing vinual representation of the mtde shapes, were

,r.-.ted by the first harmonic of the pump speeds at 2903 rpm (out-of-plane) and

"h600 rpm (in-plane). The latter pump speed is slightly higher than the hydraulic

zasonance .a&sur-d at 4300 rpm.

b. crAparison of Analytical and Test Results

The straight pipe vibration mode3 and frequencif's are predictable, while

the one-elbow pipe out-of-plane fundamental frequency was calculated to be far

below the pump operating regime and consequently of little relevance. The one-

elbow pipe inplane vibrations indicate that for the test configuration,the ctlculated

axial and coupled axial-bending frequencies are within the expected accuracy limits

of tha analysis but lower than the measured value. In the determination of the axial

frequency, the entire fluid weight was considered i.o be contributit.R to the total

component weight. The contribution of fluid weight to the overall solution has -ot

been studied as extensively as mechanical systems. The results of a brief study

into the variation of fluid weight on the axial frequency is shown in Figure 40.

H wUlb* RED'OIL At 130*r 3000 5I
St t AL- V

iIlk

(tA WALL)

.. •I A

W, i 40 60] , " 0 ' 0

FIGURE 40. ONF-ELBOW PIPE INPIAE VIBRATIONS
EFFECT OF FLUID ON AXIAL FREQUENCY
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A 33% effective fluid weight results in an accurate prediction of the -.xial

frequency. Pipe sizes with ratios of flow area to cross-section a,,ý* wh•:h

are very close to each other results In similer izial frequencien Tt If

interesting tornote t',at Reference 8 suggests tia. in a spi.Ag-mas, .yskAv ti"

determiriation of Fcquenc-e:- should take into account one-thjr'! of ;:.iv sprirng

weight. The test results and analysis are summarized as folioiw.:

Tnhl!e 2 - ne--E!iýow F1.p- Data Correla': lor,

Pump

Speed Frequency (j..j Mode Ideat.'Iflcatic'n

(RPM) Measured ( t' ulated

17i0 851 Axial, (I00% f li, 1

2 300( 1030-1035 1035 Axial (33Z fluid)

3440

29 0 U70 860 Second bending

4350 653 605' Second ax a--endi.ng

The two-_lbow pipe (ompuýtpr output data were extracted for compariaon with

t.e measured data and thc r,,,-,ults are suirnnzK d as fo&lows:

Tpbi•e 3 - Tw.o-l.ow Pe..o' Dta cor.rej.,Ljt lo.i-

Speed Frequency (Pz) Mode Tdet0 P,:tic"

(RPM) Measilred Ca) t ilat ed

2900 .-35 43i Coupl.e d ax'al-bendirg

4600 590 634 Axial
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SECTION III

F-15 PISTON PUMP MODEL VERIFICATION

Fu.rther testing and computer program model development work was accomplished

on the instrumented F-15 hydraulic pump (S/N 038). The HYTRAN pump computer

model was enhanced.

The instrumented pump used in the original AFAPL three year contract

was refurbished by Abex. The wiped port plate and cylinder barrel were

replaced, a case drain pressure tap was installed, and new O'rings were a

installed.

Steady state tests were rur. to recheck the case pressure/flow and the

heat rejection characteristics.

The HYTPAN pump model calculation of case pressure was ta be verified

with the cas! pressure transducer, and tests were repeated for low and high flow

demands at several test conditions identical to those for the original pump

model verification.

In addition tests were repeated at 4400 psi pump outlet pressure to

verify the F-15 pump transient model at the higher pressure. Frequency response

data was also taken to determine pressure pulsations at the 4400 psi test

pressure with the pump velve plate still timed for 3000 psi outlet pressure.

1. FREQUENCY RESPONSE TESTS

The refurbished F-15 instrumented pump was used for the extended frequency

response testing. Outlec circuit pressure pulsations at 4400 psi were mapped

in the same line locations as in the original 3000 psi frequency response verification

tests. Total pressure pulsations and fundamental freqi-ency pulsations were

measured at each location during the pump speed sweeps.
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a. Test Circuit Description and Computer Model

A load valve was added to the transient test stand and test runs

were made on the system configuration shown in Figure 41 with MIL-H-5606B

hydraulic fluid. Figure 42 shows the 9 ft. frequency response test section

which terminates at the load valve. The figure details the locations of the

measured data points used for the frequency mapping. A roving clamp-on transducer

waa used to collect data at the indicated points between locations P3 and P2,

which were permanent transducer locations. For each test point a plot of the

fundamental frequency and a oscilloscope trace of the total peak to peak

pressure pulsations were made as the pump swept from 1000 to 4300 rpm. The

steady state flow rate of 12.9gpm was somewhat higher than desired, but it

was necessary to keep the pump operating in a stable mode. HSFR input data for the high

pressure verification circuit is shown in Table 4.

STEADY STATE FLOW
CONTROL VALVE,

PFEOUENCY ANALYSIS
SEC7MO

30 FTR SIN 00.LOAD
VA' LVE

L I FT I IN IT T"
04AINSTrnUMENTED PUM VALVE

$GP 4 HIN cI*UAO

FIGURE 41. HYDRAULIC pUMrP VERIFICATION TEST SETUP
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0 D)ATA, POINT

IXGUE 42. 9 rr. MRQUE1NCY RESPONSE TEST SECTION

TABLE 4. HSFR PRO(R'MM DIPU DATA HIGH PI~SRE ES
SHORT LIF;

IS 1 1U" 42,50 S
soo ,.~ 1. 7 Gl

9 22 at .664 l.12 2.173 .D. 21.7

.2 0I .':& 3.," 50 6

6.0,.
I3.ls L-M )Qc.1 ,

2.6 1.040 45

1WO .0sit*

141.00.0:D0e

1? 1 4 ~ 91. 0 .052 3 1 3 1 1 1 7 .

39 4039 404
17 3 4 *0 12 110
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b. Test Results and Comparison to HSFR Program Predictions

,The test data was manuially overplotted on a reduced computer output

plot. Manual plotting and reproduction distortion will introduce some error

in the correlation process.

Oscilloscope traces of the peak to peak pressure pulsations indicated resonant

frequencies at 1500, 2650 and 4000 rpm. These frequencies of course were identical to

those seen at the 3000 psi operating pressures. The highest pulsation recorded was

located at 83.41 inches from the pump outlet. At approximately 4000 RPM they

were 1300 psi peak to peak as indicated In Figure 43.

The fundamental peak pressure pulsation measured in the lab is presented

in Figure 44. At 4000 rpm there is a 300 psi peak to peak pulsation. This

indicates that the remainder of the pulsation energy is fcund at the higher

harmonics.

The HSFR computer generated pressures at the mapping locations are presented

in Figures 45 through 54. The test data has been overplotted on the computer

output for comparison. The plots show excellent frequency correlation of 0-3% (0 to

75 rpn,) for the second and third resonant speeds of 2650 and 4000 rpm.

5900o-
5400--
49o000

4400PS

3400-1

2900-.

FIGURE 43. PEAK TO PEAK PRESSURE PULSATIONS 83.41 INC:IES
FROM PUMP OUTLET
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FIGURE 48. FREQUENCY RESPONSE EXTEUDED F-15 PtMP VERIFICATION TEST
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FIGURE 50. FREQUENCI RESPONSE EXTENDED F-15 PUMP VERIFICATION TEST
MIL-H-5606B 4400 PSI 113*F 12.9 GPM
83.41 INCHES FROM PUMP OUTLET
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FIGURE 54. FREQUENCY RESPONSE EXTENDED F-15 PUMP VERIFICATION TEST

MIL-H-5606B 4400 PSI 113*F 12.9 GPM
124.41 INCHES FROM PUMP OUTLET

Instrumentation error and temperature drift during testing could account for errors

of this magnitude. However, HSFR predicts a first resonant speed that is about

200 rpm too low (1330 vs 1500 rpm). The predicted resonant point is below the

compensator valve's natural frequency of 1500 rpm. The predicted point does

not appear because it is washed out by the compensator valve whose dynamic

behavior is not modeled.

Figures 55 and 56 compare the computed and measured standing pressure waves

at 2650 rpm and 4000 rpm. The period of the wave shows excellent correlation

between computed and measured results, but the measured amplitudes are much

lower than the HSFR program predicts. At 4000 rpm, the predictel amplitude is

off by a factor of about 2.5 while the 2650 rpm values disagree by a factor of

about 3.7.

Data is not available from the 3000 psi testing at the 12.9 gpm flow

rate for direct comparison to the data taken at 4400 psi. lowever, as expected

pulsations were higher with the 4400 psi outlet pressure because the ptump valve

plate remalned timed for a 3000 psi outlet pressure.
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2. TRANSIENT TEST DESCRIPTION

Transient testing of the F-15 instrumented pump,with MIL-H-5606B

hydraulic fluid,invw-stigated load level, speed, temperature and case

pressure effects at 3000 psi and 4400 psi pump outlet pressures. A

schematic of the test stand Is presented in Figure 57. Thirteen data

parameters listed in Table 5 were recorded during the testing. The

analog signals from the transducers were digitized by waveform recorders

and transferred to cassette tapes through the Wang programmable calculator.

A s,:mmary of the 3000 psi pump outlet pressure transient test runs

appear in Table 6. When checking out the reworked F-15 pump it was found

that turn-off transients took longer to stabilize at the same test

conditions established during the previous pump testing. It was noticed

that the pump actuator pressure during a turn-off transient peaked between

3000 and 3500 psi, and that the hanger hit its stop about three times

before stabilizing out. Before the instrumented pump was sent back to

Abex, the actuator pressure would peak at approximately 2400 psi. The

compensator setting was readjustej to see if this would decrease the

actuator pressure. This had very little effect. The compensator spool

valve was removed and inspected but nothing was found that could cause

the unexplained increased in actuator pressure. The turn-on transients

generated similar data as the previous tests, although the pump case diain

pressures were now higher.

LOW LEVEL
STE.ýOY STATE

I. IN. CD. CONTROL VALVE

JJ 30 FT IN. 0 D. 'OAO

VALVE

SUP1SINSTRUMEYTEO PUMP

TIRANSIENT
I-• CONTROL

Pit CASE DRAIN VALVE

PLOWCONT.0. VALVE

N ETUJRN

FILTER

MOOSTRA?

NEAT EXCN,.'•E•A
P4 RE•SIERVLN

FIGURE 57. HYTEAN PUMP MODEL VERI71CATION
TEST SETUP
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TABLE 5 TRANSIENT TESTING DATA RUN PARAMETERS

PC . .... PUMP Ccvetrol Pressure (Actuaator Pressure,
F1 .......... Pow CCae Drai% hassur*: Ear, raal" ........ . .C& ain Pr.essure: . txLma

SPS........ . suct l Pressure

. . . . . . .leservair Pressure

........... Frrewmu 376 Inche* ftom pump outJet
.. .... ...... Trau"nft C44trol Valvo Position
33...... . . .a.~ Pupanger Position'
XC ......... Pum Coomapestor spool Position
D. ............. Drive Torque
.•. .. ..... .P essue at Port Plate

Q. .. . . ..... tlet5 log,

TABLE 6 F-15 PUMP TRANSIENT TESTS AT 3000 PSIG OUTLET PRESSURE'
- TYPE Or STEADY STATETURAS; i9T FLOw LVEL(CIs) 

DRIVE APPROX STEADY STATE REzSRVc[
1 R

1MSTIAL FINAL INlIUT Tt6(V?) SPEED(RPa) CASE P•SURE (PSrGj Pf-E5SUxrp(p.a)

24-O 1+JU Tu ".• m 2 19.25 133 4000 70 5,
04-01-XI Turn-Off 19.25 2 131 4000 70 38

#".]U. Turn-On 2 J.$ 110 4000 70 S3- Xt [ Turn-s r 8ff ,2 13 4000 70 369'.-A 4tX Z 1 urn-o n 2 77 130 ,tOOT 7049- 39.-WM -SX T ur n- qf f 77 2 129 4000 70 U-50"94-A"hXI Turn-O, 2 134 1,V 4000 70 46.594-A6•-x Turn-off 134 2 130 4000 70

94-07+ T•Trn-.-on 2 77 3000 70 32
9%-07-%X atp-Olff 77 2 129 low0 70 35940+' olrrog, 2 12 Z9 5w0 70 30

W O- - 1 1 T au r n - -o f t 7 y 7 1 3 0 3 0 0 0 '0

94-A51 ?n-o, 2 21 4000 )0 $594-A3-z Turn,-off 77 2213 400A o5
14-0•4'rx Twn-ll 2 7? 130 4000 00 31294-01-.3 Turd-Off 77 2 130 40M 100 S3
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When the Ln'scrumented pump waa shipped to Abex for refurbIs$.hu'rt, they

found that the port plate was wiped. A wiped port plate provides a modifiei

leakage path to inlet from case. The increased leakage flow to inlet result's

in lower case pressures (58 psig typical). With the modified pump tCis

leakage path was eliminated and consequently the case pressurea were higher

(80 psig typical). With higher case pressures,the ability for the actuator

to dump fluid while destroking on a turii-off transient is lessened. Thus it

might take slightly longer for the pump to destroke, and the increased oscillations

may be due to this coapled with h.igher case pressures causing the compensator

to take longer to reach a steady state (force balance) condition.

The pump compensator was adjusted to give a 4400 psig pump outlet

pressure. Some of the transient tests were repeated at the higher pressure and

they are summarized in Table 7. Although the pump was capable of attaining

higher outlet pressures, it was necessary to limit the pressure to 4400 psi

to avoid excessive outlet transients due to the limited compensator stroke,

and the necessity to measure this movement at the higher pressures.

TABLE 7 F-15 PM4P TRANSIENT TESTS AT 4400 PSIG OUTLET PRESSURE

~'f UM5 S1 l .( FIF ~0RV lR
1 .I. AP (c R (V) IFWM) APPROX C ASE !VPý :iI S

ReUN N•;MRF.. r p kN i t, isI A! f IN, I:E • 'l, (IDRIs 0(AIN. rR50SiU•F(A!(:) (Pl'I~ )

LOAI VI7 1410) KSf)

9f1-li-XX T,17.-- t 75 125 1010 3100 .0 )5,

96?.3 X WSU25 1 001 10))1101702

V XX 11 .2-11" 70 53

94,- N - UX T,, Ot!f f ? 7. 25 201 101H0• I 5i

99+-'.2 X T,,r-. ý 11.25 17 10O 1100 110 50

96-012-Xx r'--.) 171.2 1061 i

48



DLzing the testing it was found that the pump compensator vis very

unstable at steady state flows less than 17.25 CIS and fluid temperatures

such greater than 100"F. The transient test also had to be run at 3000 RPM

instead of 4000 to stabilize the compensator. Vigure 58 shows the

pressure upstream of the transient control valve for a turn-on transient

from 2 - 19.25 CIS at 130*F. The transient control valve was not activated

until 0.02 seconds into the test run. Between 0.0 and 0.02 seconds the

pressure varies 400 psi due to the compensator instability. Increasing

the steady state flow helped to alleviate the problem.

3. PROGRAM CHANGES AND HYTRAN PUMP MODEL VERIFICATION

The objective of the extended testing was further verification of

the HYTRAN F-15 pump model. The HYTRAN program schematic of the test

system is shown in Figure 59. The recorded inlet pressure and external

case drain pressure were chosen as the boundary conditions for the simulation.

The suction pressure transducer was located 55.75 inches from the pump inlet,

and the case transducer was 18.0 inches from the case drain port.

A HYTRAN component model (TEST91) was written to input the test data as

boundary conditions in the simulation. The subroutine TEST91 uses the input

pressure data to compute the flow at time t in the simulation using the

equat ion:

Q - C- P(t)
Z

where

C line characteristic (PSI)

Z - line impedance (PSI/CIS)

P(t) P data pressure value at time t (PSI)

The input test data was filtered to eliminate excessive noise and

reduce computation error in the simulation. This was accomplished by

using a 100 Hz filter on the pressure signals when they were played back from

the analog tape into the waveform analyzer. Use of the filtered test data

also reduced the same error that might be introduced by imperfections in other

cowponent models. The remainder of the system in Figure 59 is the HYTRAN

model of the actual test set-up from the pump outlet to the load valve. Component
Type 23 is the translent control valve and the two Type 41's are restrictors

used to control the maximum and bypass steady state flow rates. The dimensions

were taken from the test stand. Table 8 presents the typical HYTRAN input

data used to describe the test schematic in Figure 59.
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TABLE 8. BASIC HYTRAN INPUT 3000 PSI HYDRAULIC SYSTEM
2-77 CIS TURN-ON TRANSIENT

****1410 ~ ~ ~ I 1.0 00.: 04459 .)*P .1 4'Iot?
.000 ..2 .0.003

Is, 3 0 0 0 0 11.0 .,? .0., ,.0.,

• . 001, i. .1091 3.or,0 3 0 3 0 3 30.4 .90 .0*l 3.0,.

* 0 a 0 0 0 0 4.0 .60 .0*. 0.00

It a 0 0 4.3 1. .e-0.c

* 1 1 - " I
$1 4 I -2 -3

a?.. 3000. P1u .d1 0. .030 .01 .09
isu? 044. p .. The 0)0. mod. .at1 e i.3. *19 ".31 .,0) .003 .00) .I04? 41.

p. H4o. .eve .t9 0. .rnin d. 0.

0 31 0 3 -0 -$

c 3w .e ? te.0)3• .01
t., .II00 .0311 .3
0. 0. 4.009 0.011

.3)0 .05

S I 3
3 1 3 i.
3 I 0 3 .

an copnao ar som 4f th ara htwudcas hspolm

* . 1 4 .

O 94 1 ,0

? I 3

5 0 , , , , , ... .

a. 7-15 Pump Model Cha~n_.s

During the original AFAPL contract, extensive testing was done on the F-15

instrumented pump.. The HYTRAN model adequately predicted the initial

transients and general operating characteristics of the actual instrumented
puump. However the transient decay was not accurately computed. The follow-on

contract work ilas emphasized improvnl the damping of the pump model. Not

adequatesn defining the danping characteristics of the actuator, hanger

and compensator are some of the areas that would cause this problan.

The original HYTRAN pump model computed the actuator leakage coefficient

as a linear relationshi.• between the leakage coefficient at maximum

pump displacement and actziaror position plus the leakage coefficient

at zero pump displacemen~t. This flow along with case pressure plays

a significant part in determining the damping characteristics of the

hanger. The computation for actuator leakage was updated using an

equation for fully developed laminar steady flow between stationary

flat plates. (Eqn I)
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f2i•L Ap()

where

- fluid viscosity (lb-sec/in 2)

Q - flow rate (cis)

AP - pressure drop (psi)

b - passage height (in)

w W passage width (in)

L - passage length (in)

The user inputs the depth of the flat cut on the actuator and the

minimum actuator engagement which occurs when the pump is at minimum outlet

flow. The new computation method has slightly improved the pump model.

The effects of adding a velocity term due to the motion of the actuator

were small for the pressure drops (1000 psi) and actuator rates (50-60if/sec

max) of the pump, so it was not included in the computation.

Another area of investigation was the flow forces on the compensator valve.

The original HYTRAN model contained a simpl• computation describing these forcts.

Efforts to improve the computation did not prove fruitful. Removal of

the flow force term did adversely alter the simulation, thus it was not

changed.

A paramet - study was performed on the F-15 pump model to determine

the sensitivity of the input data in the computer simulation. Four input

data parameters were investigated for turn-off and turn-on transients

at a pump speed of 4000 rpm, 3000 psi pump outlet pressure, steady state

flows of 77 CIS and 2 CIS, 130*F system operating temperatu•'e and a control

valve operating time of 4 milliseconds. The pzrameters investigated were

hanger damping, actuator displacement, coefficient of pump leakage and

casp volume.

The hanger damping term had the most significant effect on the damping

frequency of the pump model. The hanger damping term accounts for velocity

dependent friction factors which include the effects on the changes in

precompressicn and decompression when the hanger is in motion.

52

• " :, '.-- : • •• . . . .. . . . .. .. . ... . • • , .-• . .. . .., , •, . .. .... ..... . •• .• , • .. •• ,•._... • .•". .. .. ... ... . . .. . .. . i~ o ..... . ..• :• - • . .. . .



/

Initial attempts to alter this term did not prove succassful because

of the limited knowledge about the case pressures which affected the dynamics

of the hanger. With the addition of the internal case drain translucer,

it ms possible to significantly vary the damping term and monitor the

computed case pressure, the hanger position, actuator, ovtlet and inlet

pressures to assure that these values were not deviating from the measured

vilues. The term was varied until a value was reached that would give good

correlation betwv, en the computed results and the measured test data. Figur,

60 shows the pump outlet pressure for a turn-off transient at 77 CIS and

130OF with the hanger damping term at 25 lbs/in/sec. Although the initial

peak pressure correlation is good the subsequent decay of the computed

waveform is at a higher frequency. This was the best currelation obtained

w•der the original contract. The value of hanger damping was varied and Figure

61 presents the computed results at 45 and 125 lbs/in/sec. The 125 value significantly

slowed dowo the simulation and the 45 value appears to be the optimum. Increasing

the hangpor damping in an attempt to obtain good period correlation for the

turn-e.f transient leads to an undesirable increase in the amplitudes of the

courated data. This amplitude ,ehavior necessitates stopping short of the

Va.ue Ithat night give the best period correlation.

I"',

cc.. Ca 't CIt etIc

CCC Cow-IT"

FICURE 60. OUTLET PRESSURE W;_H HVNCER DAnPING TERM AT 25
77-2 CIS TURN-OFF TRANSIE-T TEST 3000 PSI 13COF
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FIGURE 61. HANGER DAMPING TERM AT 45 AND 125
77-2 CIS TURN-OFF TRANSIENT 1300F 4000 RPM

A value of 45.0 lbs/in/sac yielded the best correlation for the simulated

conditions. The pump outlet pressure from a turn-on transient run at 77 CIS

and 130*F is shown in Figure 62. The hanger damping term was 45 lbs/in/sec

for this run. In general the turn-off simulation required a slightly

larger hanger damping term than the turn-on case.

The pump model was then run at 38.5 CIS. A value of 70 lbs/in/sec

was used to obtain the correlation shown for the pump outlet pressure in the

turn-on transient of Figure 63. However the same value for hanger damping did

not significantly improve the computer simulation of the 38 CIS turn-off

transient shown in Figure 64.

Time has not allowed investigation to determine an algorithm for the

hanger damping thrm for all the cases recorded in the laboratory. It is desirable

to develop a method that could be incorporated into HYTRAN to choose the best

ttrm based on system conditions. Further work in this area is needed.
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FIGURE 64. OUTLET PRESSURE 38.5,2 CIS TURN-OFF TRANSIENT
130*F 4000 RPM

The coefficient of pump leakage was varied for various turn-on and turn-off

transient runs. This term had very little effect on the simulations and appears

to be a good candidate f-.r removel.

Varying the actuator displacement had an adverse effect on both turn-on

and turn-off transient simulations. The present maximum and minimum value

are optimum.

The case volume was changed from 250 in to 48 in3 (which is the correct
value) with only a minor change in pump outlet pressure amplitudes.

Appendix D presents the revisions to the pump input data and the PUMP51

subrovtine listing.
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b. Pump Model Verification for 3000 psi Transient Tests

Using the input data in Table 8 for the system shown in Figure 59, a

turn-off transient at 77 CIS and 130*F was run. Figure 65 shows the input

data boundary conditions for this simulation. The results of the simulation are

presented in Figures 66 through 69. The computed pump outlet pressure in Figure 66

compares well with the test data both in magnitude and phase. The computed

results are conservative after the initial transient response at approximately

50 milliseconds into the simulation. The computed peak actuator pressure in

Figure 67is 3300 psi while the measured value is cily 3000 psi, ,about a 10

percent error), but the subsequent response Is vet:} good. The computed internal

case pressure matches the test data exceedingly wei.1 The case pressure trans-

ducer was located in the area of the compensator valve. There is a 1/8" dia

hole x 1 3/4" long path between the transducer and the -ctual case. Statically,

the effect of the long orifice is to reduce the prestiu a. Dynamic effects

could result in peak pressure attenuation and misphasi,; between the two internal

case prssures, however, this does not appear to be the -ase. The hanger position

is plotted in Figure 69. The measured data cuts off at -. 18 inches but the

computed value reaches -. 24 inches. There is a similar discrepancy for the

overshoot at 80 milliseconds in the simulation. rhe phasing between the measured

and computed position is adequate. The amplitude corr 1 'vion is relatively

poor, although the transient flow does settle to the proper steady state value.

The computer printout data is the actuator position. The hanger acts

as a lever arm between the actuator and the restoring spring where the measurement

of hanger position was taken. The computer actuator velocity term is integrated

to obtain the resultant displacement. A simplified Euler integration is used.

Perhaps a more sophisLicated technique would work better, but at the expense

or increased computation time and operating costs. Improving these results may

prove to be unattractive.

The next computer simulation was for a turn-on transient run using the

same conditions as the previous run with the input boundary conditions of

Figure 70. The computed pump outlet pressure in Figure 71 almost matches

the data trace. The computed actuator pressure (Figure 72 ) and internal case

pressure (Figure 73 ) also follow the measured data. The computed hanger

position in FigureY4 is about 0.12 inches below the reasure data. The final

predicted value however is very close to the test results.
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Turn-on and turn-off simulation were made at a steady state flow of 38.5 CIS.

The input data file for the turn-on transient is shown in Table 9 and the

boundary conditions in Figure 75. This computer output data for outlet pressure,

actuator pressure,case drain pressure and hanger position are shown in Figure 76

through 79.

This boundary conditions for the turn-off transient at 38.5 CIS and 130*F

is shown in Figure 80. The output data is presented in Figures 81, 82,

83, and 84.

The general computed vs measured data correlation is better for the turn-on

transients. Both amplitude and period characteristics of the data fit much

better than for the turn-off case. This is also true for the 77.0 CIS runs.

TABLE 9. UTMN INPUT DATA 3000 PSI SYSTEM 2-38.5 CIS TMRN-ON

TRANSIENT

#**•ATA RUN NO. 94-02+PS X.D *P2 F-15 PUMP*(Z(Dn3T39)
.00,)a .a .002 130.

9 9 1
1 0 3 a 0 0 0 55.75 1.0 .049 3.0L7

i 0 3 0 0 0 0 1-8.00 .375 .02d 3.0.7,

3 0 3 0 0 0 3 382.75 1.0 .058 3.0L7

4 0 2 0 0 0 0 10.5 1.0 .05d 3.O ?

5 0 2 0 2 0 2 10.9 .50 .028 3.0L7

6 0 2 0 0 0 0 4.0 .50 .02d 3.CL7

.7 0 .2 0 0 0 0 4.125 1.0 .049 3.0k7

* 0 a 0 0 0 0 4.0 1.0 .049 3.,L7

9 0 2 0 0 0 0 192. 1.0 .049 3.0kL7

1 91 0 -1 1
2 S1 4 1 -3 -2

z290. 2000. .15 .25 0. .016 .65 .6i

.307 400. 70. 130. ?00. 215. .035 70.

3. .?5 -. 25 .002 .001 .U03 .1097 40.

5. 4000. .036 .05 0. .0035 1. 8.

3 91 0 2 1
4 II 0 3 -4 -5

5 23 3 4 -7 4

.022 .*5
0. .0100 .0200 .2
.0 .A .374 .374

6 41 1 5 -6
.021 .65

7 11 0 6 7 -9
6 41 1 4 -9

41231 .65
961 i 9

50.
6 6
1 1 2 3 80.
I 1 0 1 2 1
2 2 3 3 5.
2 3 3 3 3 1

3 4 3 60.
2 2 0 3 4 1

4 4 5 5 80.
4 2 0 4 5 1 0 7 7 1
5 4 5 5 5.
4 3 0 5 6 1 7. 6 7 3
6 5 S 5 80.
7 3 0 8 1 1 0 9 9 1

I 15 0 1
1 2 2. -1.

2 2 3. -13,
4 4 18. -1I, 380. -380.

2 4 2 5 2 6 2 7 2 8 2 9 2 10 3 11

2 15 2 16 2 25 2 26 2 30 2 31 2 32
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C. Pump Model Verificatiou for 4400 psi Transient Tests

A IHYTRAN simulation was made of a turn-on transient from 17.25 CIS to

77.0 CIS at 99"F and 4400 psi pump outlet pressure. The input data is presented

in Table 10 and the boundary conditions are shown in Figure 85. The orifice

and valve opening were computed to obtain the correct starting and ending flows.

The output graphs of pump outlet flow, actuator pressure, internal case pressure

and hanger position were overplotted with test data as shown in Figures 86,

87, 88 and 89. The correlation of computed outlet pressure and actuator pressure

to test data is good at the higher pump operating pressure. The computed

case pressure show a little instability but follow the general wave shape of

the test data. The computed 'hanger position lags the measured data but it looks

quite good.

The input boundary conditions for the turn-off transient at the same test

conditions is in Figure 90. The results of the HYTRAN simulation are shown in

Figures 91 through 94. The initial pump outlet pressure prediction is good

but the romputed actuator pressures are high.

As with the 1000 psi data the correlation is better both in amplitude and

period for the turn-on transient case. The turn-off transient generally requires

a larger hanger damping term than the turn-on case. But a value of 60 lbs/in/sec

was used in both simulations.

TABLE 10. HYTRAN INPUT DATA 4400 PSI SYSTEM
TVRN-ON TRANSIENT RUN

41 . 1 .0 | .141 . .4 ) . .0 I .. . 1$.

.661 0 10)lo

4.4 0 0.0 0l 4,.3 4.0 .04, 4.0.,

* 0, 4 0 -0 I +A 40 .04 .1

7 0 40,44 4.0 .040 4.00

0 0. 4. 0+ 4 + I.0 , .4s .4

3 94 ,44 . e4 . 9 . 04 .4

4 4. 0 + -

,4t.'-' .03

0 0+
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d. F-15 Punp Model Verification Using The Complete Test Stand Model

The entire F-15 Instrumented pump test stand was modeled with the HYTRAN

program. The HYTRAN block diagram of the test system is shown in Figure 95

The elements which make up the system are pllt into lines and components.

The lines are numbered sequentially and have upstream and downstream ends.

The components are also numbered in a separate sequence. Node numbers

are assigned- to the points at which the fVow divides or combines under steady state

flow conditions and leg numbers are labeled between two nodes. The simulation

consisted of running the HYTRAN program under the same lab test conditions. The

first simulation was of a turn-on transient at 130°F and from 2-77 CIS steady

state flows. The reservoir test data in Figure 96 was input as a boundary

condition. The results of the computer simulation are shown overplotted with

the test data in Figures 97, 98, 99 and 100. The plots of outlet pressure,

actuator pressure and hanger position correlate well with the test datt.

The computed internal case pressure in Figure 99 however does not match

the measured results. The calculated pressure values are about 60 psi higher

than the data, and the phasing between the two is incorrect. With the external

case pressure as a boundary condition this misphasing did not occur.

The next simulation was for a turn-off trensient at 130*F and 77.0 CIS.

The input reservoir pressure is shown in Figure 101. The computed outlet pressure

in Figure 102 is able to predict the maximum amplitude of the first pressure 4pike

but this model undershoots on the subsequent response between 0.050 and 0.090 seconds

in the simulation. This undershoot also misphases the measured and computed results.

This undershoot characteristlc did exist for thb turn-off run with the inputted

case drain and suction pressures as boundary conditions, but it was not as prevalent.

Further work in the area of amplitude damping should correct the modeling discrepancy.

The actuator pressure end hanger positions are overplotted with test data in Figrres

103 aid 104. The Internal case pressure plot in Figure 105 shows adeqiuate phase

correlation but the amplitude predtctlons are off.

The next attempt at total system simulatfon was not to use inpAit data as boundary

conditions., This was done to test the basi.c accuracy of the HY•TRAN program. without say

external forcing factors.
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The turn-on transient was made with the test conditions of run number 94-O-.,-XX.

For the turn-on transient sintutLation, the load valve was sized to drop 3000 psi

at 154.0 CIS. The reservoir pressure was 80 psia. A listing of the HYTRAIJ

input data for the turn-or, simulation at 130'F is shown in Table 11. Figures 106

and 107 show compu~ted pressures at two lo cations along the pump outlet line.

Corresponding test data has been overplotted for cornpacison. The initila1 an~d final

steady state pressure levels are correct for the simu~lation.

For a tuý,n-on transient tae pump des' rokeg to supply the demanded flow. In

the HvTh<AN simulatilon the pump model Is able to aderptately do this. The subsequent

response to the operating steady state pressure however is- slightly faz~tr:r than.

the measui-d data as shown In Figures 1.06 and 10,7 at 80 milliseconds into the

simulation. A lag cotildt be programmed into the compensator circuit to delay the

build-up In pres-;ure but the benefits of such a fix may not be appliczvble for all

the test cases. Computed actuator preqsture (Figure, 108) shoi4- good corrvelation when

c')myuared to the test data. The computed pressures in,, the case drain circuit

in Figurps 109 avd 1.10 rail to reach the actual peak. press-jres. Similarfly the i!-

pressure plot In Figure 111 ishowaý A pe~ak predict ion about 50 ps- hiO-nr than the

84



r""717777 
R77, -,77

TABLE 11. HyTRkAN INPUT D'ATA 154. CIS TURNi-011 TRANSIEN~T

130*P 3000 PF I LINE DATA

IMF 1#4" 11"T OESPONSE I% $Ono T.0.0 to T. .200 SECONDS AT TINE INIEOVAtS OF Oft?. .0O0Z0

WIT14 OUTPUT POINTS '10T110 AT INTERVALS Or I .00200 SFCONDS

FLUT" DATA Fop "T.-O-5604 AT 3004.0 9536. 5 0.0 PIT: AND 1)0.0 011 p IN 10.0 etc v stses

vI$cOsITV - .39bf-03.Cl01N41E

orNT!?? - .4131-04 .9039*)4¶LP-SEC**Z31t3N49

VAPMUR tacss.- .7UOF.01 AT 130.0 096 F

FIE-71P TAREN AT it%' 36,69. of SOtUND TI' LINT p3 IS 56.4pro CENT Too FOOD*

fit-up TwoI At LINE M01VE CF STIUN IN L1INE Z4 IS 5*.8PEI CENT IN 19606

FIT--i ThIN" At LINE t..Vn 0r snUND IN, 1141 25 is 59.499093 CENT inFogg

CINTRAL .
T ~NS Est~ DELI M"mc? KISTIC MOCITY 01

I34P.7300 .94 "0 .0540 .0009,06O 10.0124 .I43 49551.4933

2 10.5000 .8440 .0560 .3001406 '1.0,500 0.5619 43511.4536

3 10.q003 .4440 .0Z60 .1009.06 10.9000 29.96t4 4ý*0.31?46

4 50.6100 WCl4 .0500 ."03.06 10.1?60 ..sfil 4051j.4-19

$ ;b.0000 .0640 .036.3 *30010¶s 13.0000 6.1615 49551.453R

A 33.0000 66040 .0590 .300E.00 11.0300 4.9611 49551.4133

7 26.0000 *6640e .09#0 .3001409 13.0. .1001.511 49313.41531

*26."000 .1040 Q*"6O9 .300f#806 11.0000 4.5613 tl3it.4V319

933.3000 0,61ko .013R0 .300fo09 11.166? 4.9613 49533.4539

30 P5.0000 .4940 .02610 .3001#00 12.3J0001.O4 43314

it ts.0000 .6040 .0f90 .3001043J 12.5000 10.3544 493931.7134

731.1900 .6,V40 .02910 .1001*op :2.5990 10,3344 4939I.T134

"" '.0000 64940 .0260 .100F400 12.3000 30.0564 46193.3161l

34 23.0000 .6440 .0?#0 .000F.06 12.3"001 0.13544 41333.1?W

13 '3.0000 .43413 . .0"90 Xi00foaa 12.3000 1001344 40301.1)67

64 21.0000 .601.0 .0140T .1901-09 I2.5000 1005314 44,1930.137

11 P5.0000 .4940 .0?40 .9009.04 37.5eo0 10.3944 49333,1341

to;1 11.0,10 .6940 .01*0 ."OF 40p I? .3003o 10,3144 43116

39 '4.0010 .604'2 Wo7 .100t.08 12.5020 10.3344 46111.f341

PC 40.li00 .A)4" .051t33 30370 F.0I 10,0623 6.161.) "351,4519

?71 ?4. 0j1)", .49441 .0310 .100F.00 :3,3300 6. %613 49 51 145 14

?z 70,1100 .8440 .0.) O Ift0F#0q I3.3134 6.463 I 431.441$0

t3 4,)3 @40 .033c .3009.09 6.1?50 5.615 1,?503)

4.3T.644.0 1070 .30F -04 A .30 r5GA?4

13 4. )0C0 .634 .051', .1039403 41 V0.043

*,?I 730 0 .94340 .100f*33."6 3'31 0336 43~36

.a4340.000.,4 0 Wf 130'I 12330.1144 41110 16714

Vw "3. 1103440 "Flo0 100F9.06 it .411)( 30, 1144 41133$131 T

30 9.3170.310C .00.100t#04 W41454 1036 0112.1144
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TABLE 11. (CONTINUED) HYTRAN INPUT DATA TIURN-ON TRANSI-ENT

COMPONENT DATA

CQ0 ''. I ?'ItF*0AtAA I ~1 ' ? -IQ31 0 0 0 0 0 0
:%L 0.1t: CAQO' : 1 '70 40 00(0E40 ~ .10OF400 .?01O .. t070 60i'0 .650000

,pit oata caeo 0 1 .10004,01 .7500F.00 -.1000('400 .$0007-0? .?1000.01 .3000t-02 .5000ia01 .4S06,1t02

OVAL DATA Cato 0 4 .20000*01 .4000(004 .36001-02 .0000F-62 0. .33801-02 .1000+010 .6600F#Oi

CRnpe* p 114TCCFP DATA 2 1-1 0 1 -; - 0 0 a 0 0 0 11 a 0
coop#. 3 141PFGF at DAT 1 3 ? -?? 0 0 0 0 0 0 0 4 00

11fit oath ciab, a .ZZOOF-01 .61002G00 0. 0. . 0. o. 0.

P0t AthDt cA~n4 M' 0 ?o~r-01 Z?40O)0-01 .2000(400 0. 0. 00 0.
*rat oath CAOD 1 6 .t. .12770to01 .13'700#01 0. 0. 0. 0.
crippe. 4 141FCF4 DATI 4 41 1 ?1 - 0 0 0 t 0 0 0 0

*Fat PAtA CA-T) 1 1 .8040?r0 430t0 0. C. 0. 0. 0. 0
4r"0 tq4TFGC DATA 5 11 0 4 -6 .-5 0 0 0 0 0 0,

Cf1*4f. 6 19TI GrO A'k k% .10C' - 0 0 0 0 0 0 a 4 0 0
#fi ot. VISCA4 a I lcrO .As~oor-o o. 0. G. C.. 0. 0

prat DATA Co't a a' D..'3-1 .olP0 0040 . 0. 0. 0

OFaI. Oil& CitO I 1 . 7 0. 0. 0- 0. 0. 8

c(Mrs. I 14tr 0'bfIPAT 7 92 1 5 .1 0 0 0 0 0 0 0 c 0 0 0

vtat DATA caafl I I .IOtr IOODoEo .74?I4-01 .10PIF-01 0. 0. 0. 0

CPOP4. R 14T'FGFR ATA , I ) I a 7 - 0 0 0 0 0a 0 0 0 0 0
a0O tTfffw DATA 9 It a -11 -to 0 0 0 0 0 0 0 0 0 0

Ca".'1. 10 14tFCFR DATA 10 IT a It, t9 -U, 0 0 0 0 0
11.. a: 4t'ýFR OstA 12 11 0 It .27 -13 0 0 0 0 0 0 0 0 0 0

(0.9.. , 17TtfTrFO Var 1? 11 a 11 -10 19 a 0 0 0 0 0 0 0 6 0
c1*09. 14 T'dtF~tg ATA 13 41 1 1? -I-b 0 0 0 0 0 0 0 0 0 0 0

PFAL DATA CA9") 0 .40?p(.OI *4C04?0AC *.155F.01 .1050F-02 0. 0. 0. 0.
c""pe. 14 INTF~.4m')A IA 14 -01 1 79 -70 0 0 0 0 0 0) 0 0 0 0 0

9ýa1 tCAtA Ca,', 0 1 .4a.0yq4.(vI .40"'F.01 .1055F.00 .'!50-Oz 0. 0. 0. 0.
Cm' 5 2 1'71I;F4OLT& 15 41 1 .1 -76 0 0 0 0 a 0 0 0 0 0 0

OFAI DATA CARD, I I WOE7"01 .4002.1f01 .l13tt'0c .40500-OZ 0. 0. 01 01
CE!'... 16 I41;&Fb DA# f Ii f4 I 13 -11 0 0 0 0 0 0 0 0 0 0 0

"Al,~ DATA c A"') 9 1 .4o02f'C*C .40t4r*01 ".W.0V 00 .40304(-0? 0. 0. 0. 0.
to-$,. I? t4rv.4Fp D4& 17 If r 0 Ift 14 -1'. C. 0 0 0 0 0 0 0 0 0

A 1 11 6f 2 443 DAT8A JA t I ? 0 A7 -15 0 0 0 0 0 0 0 0 0 0
19'. 1""0 00r&~o~ 4 IQ 1 10, 11 -20 a 0 0 0 6 6 0 0 0 0
to' 7 tollrV0 ia* 20 tt a 70 ?I -7? 0 0 0 0 0 4 0 0 0 0

r-. :'I lO7',4Frlt4 DAA 1 42 1 1 -74 0 0 0 0 0 0 0 0 0 0 0
-,AtI DATA C A 40 a 1 ,2I.4pV-o .,',30o~0oo 0. 0. 0. 0. 0. 0.

t?'9 7 ImitOeIoVAT 70 hi 1 -?1 0 a a 0 0 0 0 r, 0 0 0 0
"Arl. DATh tA07 S I A000OO?.t 0. 0. 0. o .0. o

,C t)* I3 104f 2*4 I 3 r11" I 0 Z1 -'75 24, 0 0 0 0 a 0 0 0 0
'k)*a 74T i . 'k, 1 0 10 -114 0 0 0 0 V 0 a 0 0 0 a

rb, 1'' Ct"0~ * .06



TABE 1.(CO)NTINUEp,) HYITRAN INPUT DATA TURN-O?; TRASIFNT
TABLESTEADY STATE INPUT DATA

0iit1 q IF* Pf N '¶ * 14 N'dLtfo 1" tfsl - 20 NtJArpt 10: cf)"l*.ArT PRESSIUNE "O0n 0

I Fr. CnI01-C 1!CM INPUT DATA

tI', 04 r) UPST moot No nvST Nlt)P So Mn Of HET FLP"I CUS 11P.91 JORM DIIST PESS

xi NTS 000o 0.0000oo oaoooo

7 . 0.0ý1103 0 O.0000 0r,,
. 910.0011,00 0.00Z,00 0.O0~Y011

.9 :0 900M' §0 enoo00jrrl

Is 6 3:rco

7 40.t~oý,ý)o 0, 0i05 (1 "

1Q0~ 0.00'-,00 lo
I' o100(,f 0 0. ofý 0O 0.(r 0Q10
1i . 0:00,50 0ý~q 0. 1f, i'

1414 U 0~0 1 .10100 a0

1910 
51. 10000 2:00000 o

U ~u0 WOO 0.01)(00

it 2 .8 .9 0 .0 1 10 0 000 o c o

21. 0.0000 100.~0 %00

01 4 0,.00000 0.0ociUO 0 00000

trG o FAE.0 3P.T$ 14 tFG----
I ?0 3-.. 0 -- 22. 1 * 1

6 9 -- 3. 0 Q, 11 0 - 1

? 19 -- 2. 0 It#11 11 - 1.

1 3- 1 0 )312-

1 2 a - - 7 1, 1 5 0- 2.

13 : 0 it 0. 16 to 02.
116 10 1 . 0 71- Zr 0 2 - 9
is73 0 15 10. 4

t9 0- 3. 0- 10 0-- 13?3 1.
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A turn-off transient with an initial pump outlet flow of 154 CIS was simulated.

The pump outlet pressure measured at the P3 transducer location in Figure 95 is shown

overplotted on the computer results in Figure 112.Tlie transient valve on the simulatinn

closed about 4 milliseconds too late, but the predicted peak pressure after turn-off

is close to the measured value. The resultant phasing between the measured and computed

data is incorrect. Several changes were made to the HYTRAN input data to try and correct

the simulation. Altering the hanger damping term did not aignificantly improve the

results. The test data in Figure 112 indicates that the pump response was damped. The

pressure/flow energy was either absorbed by the pump to stroke the hanger to a low flow

condition or the system had some unknown operating characteristics.

The transient valve used in the test was pressure opened and spring closed. Looking

at the trace of valve position versus time it appeared that the poppet did bource on

closure. An attempt was made to try and simulate the poppet bounce. The rYTRAN

recults are shown in Figures 113, 114, 115 and 116. The comnuted pump outlet pressure in

Vigure 113 shows excellent correlation fo." the first 60 milliseconds of th2 simulation.

Again the predicted pump under.hoot does not correspond to the data. The transient

valve does ippear to cause the discrepancy. Unfortunntely, on the transient valve,

only the closed or open positions provide an accurate reading for the poppet

location. The instrumentation.wes not able to measure intermediate poppet

locations. However, the guessed poppet bounce characteristic did improve

the siaulation. The undershoot characteristics may be attributable to the pump

model.
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4. P-15 INSTRUMNTED PUMP STEADY STATE TESTI•c,

Steady state runn with MIL-H-5606B fluid were made of drive torqueVs. drive speed, control (actuator) pressure vs. drive speed, and casedrain pressure (internal and external) vs. case drain flow. The steadystate test .onditions are listed In Table 12. Testing was performed
on the transient test bench (Figure 41.).

The drive torque vs. dr've speed plots in Figures 117 thru 120 were usedto compute the pump power loss (heat rejection). The ideal power was
calculated as

Power (PSI*CIS) (Poutlet PInlet) QoutletIDEALP

The torque is

Torque (in-lbs) PowerlDEAL (PsI* CIS)
RPM• 27/6-

TABLE 12
F-15 INSTRUMENTED PUMP STEADY STATE TESTING - 3000 PSI

un rS?4 CCODITTOW 
FLOW (CIS) V7pFy) (PSIC) (PSIc7I b. vM tn 1000 '50,0 -3000 9?' 5I7 
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10 PC ýA p *I ný 9.2 9 13,14012 lcd 1,,t. tv PA1 ý; U, ""A0 419401009 R.M 

2ý 
7I 

04e
13 Pc.! in :~. "J .Fz '.t .V ) tN 1!f )3 4 150351 

3040
14 d o S PcIlt ,d < ... t. Vs, I" * ý7'4 7100 

5 3040
13 4c fbc. Mod 7.,), sfc' Vc 

7.' 100 4.8 304
e 0!.' 77 204 3.2 W. 

.0
is P..! inz. a~c. P-d 0co, 

7.'.1 105 3 MO
19 kd1, fw o " ~ t £. Ito ) .1_ LO' . 191. 49
20 ft'4ts1 s.t M 0 4~ k P R:99 4 J1.0 37306022 Plcd Wo. nj.' I,-, oo. 1~ 0. 4 1ýV. &ýfo 117 232.1M 

I

23 Pcd totc. *,AI 7.4 VA, ~ CA, 0) 7.11. 112 $0.1 2"43
24 1c. 1.. ý m V. , 1 . 0. Or 01 7)70) p 1,205.0 IU 

i13
23 PC d fl, " ir.! t01t s.c ot A 9 *4000 Sf A"0 

17 
Z4410

94



R4
Q

N

1000

0400I1T 2 3 4- 5'

300>2 10*F

Sm

0 44WW 7-r'

R9

4u



R
Q "
U
E M jt Hi. ~ i

-- I 200

1UM RPMX000

FIUE1N -5HDAlI UPRN# 2DC7

7.LIS20

PUP4PMX000

R

E W1J I t
N

- JO W- J-

L~~~~ f> JfJLft

B[ 1 ioo,si

PUMP RPM x< 10"00

FIGURE 120. F-1 i Y P' WRT TPITHYP RIM 14 12 DEC 77

0 FLOW 20f)F

96



The power loss is the difference between the ideal and measured values.

The results are plottei in Figure 121. The heat rejection characteristics

were similar to the original pump data. (3.8 HP @ A5G0rpm,200*F,fl 0 CIS

outlet flow)

Figu~res 122, 123 and 124 show plots of pump anti.~ator prcssure versus

drive RPM. The presaure spit~e at 1620 RPM in all three plots corresponds

to a mechanical resonant condition of the compensator spool.

Plots of case drain pressure vs case flow were made for the conditinne

in Table 12. Some of the steady state plots are shown in Figures 125 thru 130.

The steadv state pump tests still show an instability in the case

drain pressure vs !lo'i graphs at the low pump outlet flows. The instability

occurs transiently as the flow control value in the care drain line is adjusted.

Any looping effect results from the inability of the plotting device to ad1equately

respond to the pressure signal.. The origin of this anomaly! in the pump is not known.

The 3C00 psi steady state tests indicate a slight increase in the case drain

flow from the previous testing. The incre~ase may be attributable to the lack ofas

leakage path provided by the "wiped" port plate on the original pump.
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Plots of case drain pressure versus case flow are shown in Figures
137 thru 140 for the high compensator setting'. As the case flow is changed

the pr#nssure Instability stilý. exists.
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SECTION IV

VANE PUMP MODEL DEVELOPMENT AND VERIFICATION

Models of a variable volume vane pump were developed for the frequency

(HSFR) and transient (HYTRAN) computer programs. The main fuel pump on the F-100

turbojet engine consists of a variable volume vane stage and a centrifugal boost

stage. The pump was designed by Chandler Evans Inc., Controls Fystems Division

(CECO). A specially instrumented vane stage unit was supplied by CECO for

computer model test verification. The boost stage was replaced with a plate

which contained inlet and lubrication supply ports. The pump was tested

'with (MIL-H-5606B) hydratzlic oil in order to make use of the existing

verification test and test data processing facility at MCAIR. MIL-H-5606B

is slightly more dense and viscous than the normal pump fluid media, JP-4

engine fuel.

I . VANE PUMP HSFR MODEL DEVELOPMENT AND VERIFICATION

a. HSFR Model

A frequency domain model of the vane pump was developed for use with

the HSFR program. The model is similar to the existing piston pump

model contained in Rcferences 2 and 3 HSFR program user

and technical description manuals. User and technical desc'iption

manual material for the vane pump model are contained in Appendix E.

b. HSFR Verification Test Set-Up and Procedure

Figure 141 isa schematic of the test set-up used for measurement of

vane pump pressure pulsations. The test circuit plumbing size and

length simulated the actual ini•tallation on the F-100 engine for the

pump to metering valve flow arJ sensing lines. The throttle operated

main fuel metering valve is an integral part of the engine unified

coqtroller unit. A ball valiue was used to simulate the metering function.

The pump control varies outlet flow to maintain a 60 psi drop across

the metering valve, Downstrepm valves were used to create circuit

back pressures (300-900 ps~g) similar to that of the actual sysrem.

Reservoir (F-4 hydraulic) bootstrap pressure was -ndependently controllable

so that pump suction preesure could be varied. The vane stage pump inlet

pressure was r•intrined at the martnum reservoir capability (55-64 psig)

during all tests excep':. for runs made at 35 -.42 p'sig. Vane stage inlet

pressure from the booelt stage is normally about 120 psig.
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The vane pump was driven by a direct drive 200 hp AC electric motor

with variable frequency speed control up to 7000 rpm. A 511 speed increaser

- - loaned to MCAIR by CECO provided the proper drive interface to the vane pump

whose rated speed it 15,000 rpm.

Pump pulsations were mapped in the outlet and upstream control lines

with a rcving Kistler transducer. Pump outlet maximum flc-j rates were set

at 8, 20, and 30 gpm to vary the internal timing of the pump outlet flow

porting. Pressure pulsation amplitudes were recorded for total and harmonic

responses as the pump speed was swept from 5000 to 15000 rpm. The pump

remained on full stroke until a speed was achieved where pump capacity exceeded

the metering valve flow setting. T%, levels of air content (2% and 17%)

were tested to check the effect of dissolved air on pump outlet p'lsations.

c. Test Run Summary

Table 14 presents a summary of test runs and test conditions ior the

vane pump frequency tests. Pump inlet oil temperatures were from 115°

to 135°F during all tests.

d. Test ResUlts and Discussion

Typical test results are presented herein. Test data for all runs are

on file at MCAIR. Figure 142 compares total pressures at the pump outlet

port (P1) for maximum outlet flows of 8, 20, and 30 gpm. Pulsations in--

crease in amplitude with decreasing flow. This is as expected sin,.e the pump

is apparently timed for minimum pulsations at higher flow rates. This accounts

for the characteristic of increasing pulsation amplitudes as speed increases

at a constant outlet flow rate. Total pulsations at the outlet port reach

a maximum of 210 psi peak-peak (p-p) at 14,000-14,500 rpm. Figures 143, 144

and 145 show harmonic analysis of the outlet port pressure pulsations (P1)

at 8 gpm. The fundamental pumping frequency (Figure 143 contains mcst of

the pulsation energy, i.e. 98 psi peak or 196 psi p-p at 14,000 rpm. The

fundamental pumping frequency is 4000 hz at 15000 rpm. Second and third

harmonic pulsations (Figures 144 and 145) exhibit very low amplitudes,

<20 psi p--p.
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Roving transducer data 'or total pulsations in the outlet line near the

metering valve are shown in Figureq 146, 147 and 148. Fundamental responses

at these positions are sho-.n ft F,18ures 149 ziirough 15".. These also show the geaeral

trend of increasing pulsation amplitudes with increasing speed. Standing

waves of tne f-jnda!.ental fretle&nciv pulsations for three system resonant pump

speeds 113G,13.j(1, .ovd 1.5,000 i-pm) are shotni in Figures 157, 158 and 159.

These Ptanding wavia exist in- the main line between tha pucqp and metering

v*1ive, and are the ire-ult of acoustic energy reflected by the imetering valve.
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Typical totalpressure pulsations near the pump in the upstream

control line are shown in Figure 160.for both'fixed (P2) and roving

transducers (SlS2). Standing waves in the sennIng line for the

fundamental pulsations at 11,300 rpm and 15,000 r;m are shown in Figures 161.

and 162. Total pulsations of up to 1000 psi p-p -sere recorded in the

upstream sonsing line. This is a small (1/4 OD), dead-ended line er-osed

to a strong acoustic source at the main fuel line. Such a line exhibits

a 1h4 wavelength resonant frequency. Pulsating flow in the large main line

(3/4 0.D.) is capable of generating very large pressure amplitudes in the

small sensing line. Conkzinuous momp operation at a resonant speed could cause

adverse effects in the pualp with such high pressure pulsations in the

sensing line. The pulsation frequency ia Trobably far above the cootrol valve

spring/mass natural frequency, therefore the valve does not respond to the

high amplitude pulsations. Howevar, early fatigue fc.ilure could result to

parts exposed to the pump sensing port pressure pul•zatios.

Figure 163 shows total, and fu.Iamental coep inlet presure T!VA-ons

for an 8 gpm flow rate. Total case pre&. Are pr,!ttkncs rezcbhd a mone•

of 130 psi p-p. Case pulsations ar6 tVe res-•'t of vae intlet pcrt tmIln$ And

the test att-up inlet system. Case pulsations in the complete pump unit are

also influenced by the output of the boost atage low flow Impeller.
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Figure3 164 shows outlet (PlA) and upstream control port (P2A) pressure.

pulsations for a 17% dissolved air content at an 8 gpm flow rate. Inllet

pressure was 62 p~ifg, Outlet pulsations are slightly less than with 1% air

and a 43 psig Wr~et pressure (Figure 147). Control line pulsations are slightly

higher than with 2% air and the same Inlet pressure (Figure 160). These

limited tests suggest that the vane stage is not unduly sensitive to iPormal

level3 of dirsolved air in the pumpiag fluid. Norm.l inlet pressure to 
the vane

stage Is boosted to about 120) psig, which makes the pump even less sensitive

to air content. The tests were run at Inlet pressur~es of 63 psig or less.
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An HSFR computer simulation was made using the test conditions of run number
97-3A. The vane pump outlet flow was )0 gpm. The simulated test system included the

"components shown in Figure 141 from the vane pump to the load valve, including the

high and low pressure sense lines terminating in the pump. A one cubic inch volume

was assumed at these end poi.'ts. The HSFR input data defining the system is listed

in Table 15.

Figure 165 shows the computed fundamental peak pressure at the pump outlet and

the measured fundamental response. hie rest data is quiet showing no major resonant

frequencies through the rpm sweep. The system frequencies are close together because

of the effects of long llnes' i the system. The load valve in the circuit did not

provide a stror'* reflectron point, so the measured data probably reflects system

line resonant responses down '.: the reservoir. The HSFR circuit termin.,tion was

the load valve and the lack of frequency correlation may be attributable to this.

The comparison between the measured and iomputed fundamental responses and also shown

at the load valve in Figure 166.

The control lines branching to the vane pump servo valve had well defined

boundary conditions. Figure 167 compares the measured fundamental peak and total

/ pressure pulsations with the P.SFR predicted results at the high pressure sense line

inlet. The program was able to predict the stong resonance points at 7800 and 10,1GO,

although the computed higher puint at 12,500 rpm was approximately 300 rpm in error

from the data. The measured and predicted response for the low pressure sense line

at the pt-mp is shown in Figure 168. The program computed five, major resonant peaks

compared to the measured four. Amplitude correlation for all the plots is poor.

This has been the general pattern for tha HSFR runs. The vane pump model

operation is very similar to the piston pump model. Therefore, this type of

characteristic was not unexpected.

128

PAP



~X?,&( rs 1sT Q'jALt P LCeAtL
7" Wr OOY 1WRISHM~ I'o DDC

TABLE t5- HYDRAULIC SYSTFM FREQUENCY RESPON:;E PROCRAI

;Coulio..v 411330.0 w~gw Pump1 nCfft ""ekIFOXP~t1

SP0NSI IS CALCUOAr' FROM 04$1000., Do *U 9000.00 I.P.14, IN l140019011 of £00.00 *.F.11.

0011131.10 13 14TI PON71 T0E -10 .124S- ilAROMlO '010001405

FLUID 00T% P00 .4 1,-499 A' 70.09 I'SIG h40 120.0 014 F1
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2. VANE PUMP HYTRAN MODEL DEVELOPMENT AND VERIFICATION

a. HYTP.RA Model

A transient model of the vans pump was developed for use with the HYTRAN

Program. Specific design parameters such as servovalve flow area versus stroke,

the relation between cam location and maximum pump flow, and the servo piston

loading were provided by CECO and used in ..he HYTRAN model. User and

technical description manual sections for the transient vane pump model are

contained in Appendix E.

b. HYTRAN Verification Tests and Test Set-up

The transient testing on the CECO vane pump was performed on the system

illustrated In Figure 169. The transient test set-up is a close approximation

of the fuel system installed on the P-100 engine. Extra lines were added

upstream and downstream of the flow valve to provide at least one calculation

interval for the HYTRAN program at the sampled data rate.

4.13 in. 25.75 in.± 24.5 in. 20.5in

pe 5.75 ii.

P Flow
2 34 in.- Valve

3, 6 i"n-:. p P.3 156,in.

""_I_ _42 in. 11.5 in.

P7 M Fhw BaIkprmss Load

27 in. Excha-er W.te.r Valve Valve

• I...J -• t. • 30 in, 14.5 in. i
TftmpJR w i Filter C ontrol 17.,i,,Ii.
Valve

. -na Valve

S ' Out H20 in

i,. ~ ~ Hn Pu~lmp" •,

SFtGU1E 169

Steady Stzwte and Transient Fcsp;•n Te.,t Set-Up Schematic
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Table 16 contains a listing of the system and pump parameters recorded

during the transient testing. Figure 170 is a schematic showing the pump

Instrumentation and Figure 171 is a schematic cross section of the vane stage

pump. A photograph of the instrumented pump, speed increaser, and drive is

shovn in Figure 172.

TABLE 16

CECO PUMP MODEL VERIFICATION TESTS

INSTRUMENTATION REQUIREMENLS

EXTERNAL CONTROL VALVE PRESSURE (P4)

STSTEM RETURN PRESSURE (P5, P7)

SUCTION PRESSURE (P6)

RETURN FLOW (Q1)

TRANSIENT CONTROL VALVE POSITION (XCV)

PUMP OUTLET PRESSURE (P1)

PUMP INLET PRESSURE (P8)

LERVOVALVE CONTROL PRESSURE HIGH SIDE (P2)

SEAVOVALVE CONTROL PRESSURE LOW SIDE (P3)

SERVOVALVE CONTROL DIFFERENTIAL PRESSURE (P2-P3)

INTERNAL SERVO PISTON PRESSURE (LARGE AI:.t, INCREASE FLOW SIDE) (PCI)

SERVO PISTON PRESSURE (SMALL AREA, DECREASE FLOW SIDE) (PC2)

SERVOVALVE POSITION (XCV)

BALANCE PISTON POSITION TOP (XBP1)

BALANCE PISTON POSITION BOTTOM (XBP2)

SERVO PISTON POSITIUN (XP)
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.Ap. l~ItrT VANE STACt CoVER
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Pl(LOW SIDE SE.NjSF)
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"The transient flow control valve was a ball type hand valve located

next to the P4 transducer in Figure 169. To obtain the desired transient

flow changes in, 20 and 40 milliseconds, the valve was powered by a hydraulic

actuator attached to the valve lever arm. Figure 173 shows the control

set-up for the transient flow valve. Flow rates at valve open and closed

positions were regulated by adding spacers on the rod end of the actuator.

The actuator was driven by ,an independent power supply. The accumulator was

charged by system pressure then isolated from the system prior to the transient.

An electrical signal to the servo valve provided the command to stroke the

actuator.

FIGURE 1?3
CONTROL SETUP FOR MEJTEAING VALVE
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Transient tests in the lab were run to establ'sh load level, loading rate, speed,

temperature and inlet cavitation effects on the vane pump. Table 17 lists the tests

that were made with the vane pump test set-up. When running the transient test steps

were taken to assure that the pumps internal relief valve did not open. Also

since the pump internal portiig was t--. for high flow conditions, the

dwell time at low flow was minimized.

TABLE 17
CECO PUMP MODELTJRANSIENT VEKIFICATION TESTS

Fluid

Steady state Flow L7- Valve Oeaig Pump Trap
Rates (GPM) , Tiwe (Sýe) '•Veed (OF) pusrol •,

LO La On Off (Rpm) i0•'OF Pressure (t.12) Nmbher

l, IA. D LEVEL EFFMITS 97-10-XXS8 .02O .020 15000 120 55 97-Ll+XX

20 8 .020 .o02 15000 20o 56 9,-?+)XX

2. LOADIVY RATE EFFFtS

35 8 01404 OhoO+ 15000 i P" 51 97-13+!9

3. S!M EFECT•

35 8 .020 .020 11i00 120 55 97-11.+xx

35 8 .0V0 .0,' 13500 120 55 97~15I+X

4. TD(ERArIJE F-FMYTZ

35 Op8 .02o .0 15000 210 S1

5. INULT CAVITATIO)N

35 8 00.0110 15000 1:01 9T-1I!+XX

358 .0'0 .0MV0 10) I 20 9T-1 fIt4X5

NDMES 1. *X( denotes turn-on and turn-off translentr.

P. 97-)1+.tX name &A run 97-11 ex.ret with %700 psi ba-k pre,•r--
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c. YTWRAN Simulation and Discussion

Test results for turn-on and turn-off transieut runs were compared to the
- HYTRAN vane pump model. A computer simulation of the vane pump system

was made with the :ITRAN program. The HYTRAN block diagram of the test

system is shown in Figure 174. The elements which make up the system

are divided into components and lines. The ý`ines are numbered sequentially

and have upstream and downstream ends. The components are also numbered

in a separate sequence. Mode numbers are assigned to the points at

which the flow divides or combines under steady state flow conditions

and leg numbers are labeled between two nodes. The simulation consisted

of running the HYTRAN program under lab test coniiticns. Initially,

measured test data was used as boundary conditions in the simulation.

The test data was too noisy and better results were achieved by modeling

the entire test system. A turn-on transient was made with the test

conditions similar to run number 97-13+XX. The turn-off transient was

made with test conditions similar to run' number 97-13-XX.
During the turn-on transient, flow through the metering valve was set

at 30 CIS. Flow rate was initialized in the steady state portion of the

program. Flow w-3 then increased to 130 CIS by opening the flov control

valve in approximately 40 milliseconds. The HYTRAN input data fir the turn-on

transient is listed in Table 18. The results of the computer simulation are

presented in Figures 175 through 185.

The computed versus measured pump outlet pressure is plotted in 'igure 175.

Figures 176 and 177 show the comparison of the control presavres on the high

and low side of the pumps internal servo valve. The presritce upstream of the

transient flow valve is plotted in Figure 178, and Figure 179 Is the pressure

34.0 inches along line number 7. The computed pressure data in these graphs

indicate good transient correlation with the measured results. It appears

that the final computed steady state pressure level is about 50 psi lower

than the data even though Figure 180 indicates that the steady state flows

are correct.
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TABLE 18 (CONTINUED)
HYTRAN INPUT DATA
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The computed i.,eterlng head pres-ire differp"tiai in Figure 181 corresponds

well to the measured da!-a. The data noise results from irnstrumentat ion error

In subtracting the two contazol signals (P2 and P3). The ser-io valve dis-

placement in Figure 182 and the -tuator positica in Figure 183 correlate very

well to tes, caaa. However, the slight delay in moving the servo valve

back to the null position results in the computation of erroneous actuator

pressures (Figures 184 and 185). Actuator friction and stiction are not

taken into account in this model. Also the l~oading on the actuators under

transient operating conditions is not well defined. These areas of the model

can be improved with more thorough test data than the set-up in the hydraulics

tab was to obtain.

Plots of the turn-off trarsient simulatio n at the same test conditions

ttre shown in Figures 186 through 198. Again the slight delay in the computed

servo valve position in Figure 195 causes the actuator pressures to be in-

correct, although there is better correlatinn than for the turn-on case. The

addition of an accurate pressure dependent load curve on the actuator would

probably Improve this simulation.

149



po po
pr popppf O p p o po p poppopopF p p op p pp f

F'GJE,18. OULETPRESSURE j5-8 GPM TURN-OFF TRANSIENT
120*F15,000 RPM

---- ------ -

4"O. f"

pr cIpatWt

.......... -----

flit.4 1 m'spp 1134 *111fOO0 If*to'"J.C *~S("1i~

ý,CURE 187. CON7TROL PRESSURE 35-8 GFM TURN-OFF TPANSIENT
120*r 15,000 RPM

150



S• ~//

"- I . I' i

I Io,- = -
COpp ku1ED r~tom~

IW.WO* - ATARUMNO. 97-IS F.

g •e."(:eO a~l uqPROI - vTI•-levgSi $Oa a *i

FIGURE 188. CONTkOL PRESSURE 35-8 GPM TURN-OFF TRANSIENT
120°F 15,000 RPM

W1 .f, sl -- ----- --------- -- - ---

I 41-13-P4
1 aI~ppoolP Poo

L ' ' I

FIrR 189 RA

SFUTURE 189. COITVY, L PR!nSSURE 35-8 CP? TUJRN-OFF TRANSIENT
1200F 15,000 RPM4

151i



pp i

. I Ki

I ,.TARM W 17-13-Ps

1os.00e ORI
f S I R , I " IliE C a : , , 1 1 4 T 4 4 cL 0 t H . 0 0 A L•o KL 0 i-1 0 •to1o " 1 0 0

FIGURE 190. SYSTEM RETURN PRESSURE 35-8 GPM TURN-OFF TRANSIENT
120"F 15,000 RPM

l a o0 . . . . . . . . . . ..-- - - - -- - - -- - -- - -

0.l,00 00 0 0
U I.

"%" --- - -

2 100 RPM"W PI.OW

O0U __ -_1 2i! It

• P~~~I( hU R E 1191 , RE /I'LU . FLOW 35-8 G FP t °t r.UN-o FF TRA N+SIEN
1200YF 15,000 RPM

'; 
152



p

PP COOMWEDFfiEUME
DATA WN no. q 7 -I3

&q.0W ----

FIGURE 1,92. SYSTEM RETURN PRESSURE 35-8 GPM TURN4-OFF TRANSIENT
120OF 15,000 RPM

----------- ~ - -

& Fý.iF4  I c-

--- -- ----------- ------------ -----

V~ ~ ~ ~ ~ ~~~~t iS *.*O O41t4 t-1 si~c.l. iI4 VAX..,t it

FIGURE 193. INLET PRESSUTRE 35-8 GPM TURN-OFF TRANSIENT
1204F 15,000 RPM

153



I I

r1 mps,10 9 oo1lp Ilml.I" p MMI ,IRm OP 1i

'C CC mPuTEOPRESSUoA

c - ATARlU6NO.9?-i3-p.(pZ~p3)

F;IGURE 194. D)IFFERE.NTIAL PRESSURE 35-8 CPM TURN-OFF TRANSIE.NT

120°F 15,000 RPM

IV IFIGUREP. 194. DIFERENTALV PRESSTUON 35-8 GPIA TURN-OFF TRANSIENT•

154 I

-. 010020* 1500 -RPM NeO.~~?

-. 0 ----------- -------- --------- -- -- ------ ------------------------- -,----

~ TRANS11111,



am I

- D.TAMM NMo. 97-1J*-*P

.16000

FIGURE 196. SERVO PISTON POSITION 35-8 GPM TURN-OFF TRANSIENT
120*F 15,000 RPM

3.cA.%, i C jC.4 W4T0AW

c DATA 000 9713P(P

cceetccceecccec'ccc c

FIGURE 197. S, 'v`O PISTON EXTEND PRESSURE 35-8 GPM TUR14--OFF TRAN~SIENT
1206F 15,000 RPM

155



-------

M~.jI ccccc CIKTDPEc DAARNN.4-I3 i pz
ceO~ffW

4j.6000c eI20e C I

so"--- -- -------------------- ------------- *- - -- *---

.?:34"0"Ulf ?V5. Wel1CC.I. THE VAIll ti it --

FTCATRE 198. SERVO PISTON RETRACT PRESSURE 35-8 GPM TURN-OFF TRANSIENT
i200F 15.000 RPM

156

/WO i "M~



-,/

I,.J

The tuzn-on transient simulation was repeated. The initial 7olumes

of the actuator were decreased. This resulted in sligtily better phase

correlation with the actuator pressures and pump outlet flows as shown in

Figures 199, 200 and 201. However, the computed outlet pressures is now

leaciing the measured values. Knowing the accurate volumes of the retract

and extend side of the actuator would provide the correct phasing between

the model results and the data. The lack of a good actuator loading function

during the transient probably prohibited the corrtlaticn of the actuator

pressures.
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FIGURE 199. RETURN FLOW 8-35 GPM TURN-ON TRANSIENT
i20*F 15,000 RPM
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3. STEADY STATE TESTS

Steady state tests were performed on the instrumented vane pump. The

runs were made on thv circuit shown in Figure 202. Test conditions involved

flow and speed sweeps at 120*F and 210*F. Table 19 presencs a listing of

the completed steady state tests The pump parameters recorded during

the steady state testing were:

Pump outlet pressure (P1)

Pump outlet flow (Qi)

Servo Fiston pressure (large area) (PC1)

Servo piston pressure (small area) (PC2)

Servo valve control differential pressure (P2-P3)

Servo piston position (XP)

Balance piston position top (XBP2)

Balance pistot, position bottom (XBP1)

Figure 203 shows the pump outlet pressure for a flow sweep at 15000 RPM.

The flow was varied by a hand operated metering valve. The outlet pressure

is directly proportiLual to the flow and the curve represents the pressure/flow

characteristics of the system. The piston position in Figure 204 is shown miving

to the fully extended po8itionwhich corresponds to the minimum cam displacement

an-4 ,maximum pump outlet flow.

Sweeping the pump RPM from 4000 to 15000 RPM provided the vane pump

operating characterisLics. The metering valve was set to regulate the flow

at 35 gpm. Figures 205 and 206 show how the pump outlet pressure

and flow gradually attain the required values. In Figure 207 the control pressure

signal is increasing until it reaches the required 60 psid ncross the metering valve.

The balance piston in Figure 208 then starts moving at 9200 RPM as the cam adjusts

to maintain a constant flow.

The servo piston pocition in Figure 209 shows that the piston is at a

minimum position (correspcnding Lo max flow) until the pump goes on control.

Then the piston backs off the maintain the desired flow rate. A rough

estimate of the internal leakage was made from these steady state plots.

The leakage was . umed to be directly proportional to the vane stage

pressure rise. A simplified formula for internal leakage was used.
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FIGURE 202
CECO VANE PUMP STEADY STATE AND TRANSIENT TEST SETUP

"iABLE 19 CECO VANE PUMP STEADY STATE TESTS

SPEED FLOW FLUID T IEMPERATURE
(RPM) (GPM) (F)

Sweep (4000-15000) 8 120
Sweep (4000-.1500) 25 120

Sweep (4000-15000) 35 120
11.501 8-25 120&210
1350 8-30 120&210
15000 8-36 120
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35 PM 20

QMAX ~ ~ UM RP mXiu p1pfl0a00ren P

QOVED -pump outlet flow

from F'igure 205 at 15000 RPM

QA-250 CIS

QOVBD -34.2*3.85 - 131.67 CIS

Therefore, QLEAK is about 118 CIS. The vane stage pressure rise was the

difference between outlet and inlet pressure or about 650 psid. The leakage

coefficient is than calculated as

CORPAS - _qLEAK - 118 18 . CIS/PSI

for 15000 RPM. Unfortunately this term was no~t constant for throughout the

on-control spee I range. Also a different le~ikage tern was computed for the non-

controlled portltor of the pump speed range, Leakage rates also varled for

different flow test conditions. No teasortable value or expression for the

vane internal leakage could be computed f`rom the test data that was available.
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The leakage flow calculation is dependent on the balance pistion position which

gives a direct readout of the cam position. The cam position at any RPM

was converted to a maximum flow rate through a table (supplied by CECO) relating

cam position to maximuma pump flow. The measured steady state'cam position

obviously were not the correct values. This was evident from the way the balance

piston positions were calibrated. The zero cam position was Pet when the

pump was off. This was a static calibration which was subject to offset

errors once the pump vas started. The balance piston positions are only

capable of Phowing 9.elative changes in cam position and not discrete cam

locations. Leakage coefflcients in the HYTrwl and 1F.GI pump modelo

were assumed from data supplied by CECO.
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SECTION V

HYDRAULIC MOTOR MODEL DEVELOPMENT AND VERIFICATION

A fixed displacement axial piston motor manufactured by Aero Hydraulics, Inc.

was tested in the Hydraulic Performance Analysis Facility. The motor has a 0.62 CIR

displacement and a rated operating speed of 8100 rpm. The maximum no-load flow

through the unit at rated speed is 18.5 gpm with 415 psid across the motor ports.

The motor used in the testing was controlled by a servo valve which together with

the motor dropped about 2000 psi6 at the maximum no-load flow rate.

The objective of the test was to verify steady state, frequency, and transient

math models of the motor unit. Tests were made with MIL-H-5606B hydraulic fluid.

The test unit was an off-the-shelf item (Figure 210) with no special instrumentation

requirements. Threaded ports were installed in lieu of the quill tubes normally

used to couple the motor to the F-18 Leading Edge Flap servovalve package.

Figure 211 is a schematic of the test stand. The motor was powered by an

F-15 pump and controlled by a servo valve unit. Pump noise and pressure ripple

were isolated from the test unit by using a commercial Pulsco Hydraulic Acoustic

Attenuator. The test specimen temperature was controlled by an industrial type

heat exchanger in the :eturn line. An independent pressure source was used to

pressurize the F-4 reservoir. The test section consisted of the motor and the

lines connecting it to the servo valve unit. Time and budget constraints precluded

the inclusion of static and inertial loading in the test set-up. Internal motor

inertia proved sufficient to verify transient effects, as expected, however the lack

of a static load prevented the acquisition of meaningful frequency response data.
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L FREQUENCY RESPONSE MODEL AND VERIFICATION

a. Motor Model

The HSFR giston motor model uses the same calculations as the pump model.

The input data requirements are also similar. The motor subroutine is programmed

to perform both an inlet (pressure side) and outlet (return side) analysis. The

motor ignores the overboard flow supplied by the load valve and computes its own

flow during the AC portion of the program. The motor does not require an input

steady state flow and there is no steady state balancing. Appendix F details

the required input data for the HSFR motor model ond gives a technical description

of the subroutine.

b. Verification Tests and Results

The inlet and outlet lines from the motor to the servo valve were to be mapped.

Total pressure pulsations and fundamental frequency pulsations were to be plotted

versus a motor speed sweep for fixed and roving pressure transducer locations.

Motor speed was controlled by moving the servo valve control spool which varied

the inlet flow and thus the motor's rpm. However, no reliable data could be

produced from this arrangement. With no load on the motor, shaft rotation was

very unstable causing the plotter to oscillate along the rpm axis. Without a gocd

rpm signal the spectrum analyzer could not work properly. This is illustrated in

Figures 212 and 213 which are the fundamental and second harmonic at the PI pressure

transducer location in Figure 211. No distinct fundamental or harmonics can be found

on these plots with the motor set-up. Based or this information, the decision was

made not to proceed with the frequency motor tests. The test stand however was

modeled with the HSFR computer program. Table 20 presents a listing of the

HSYR input data. The results of the simulation are shown in Figures 214 and 215.

Figure 214 shows the peak pressure pulsations at the inlet port plate of the

motor and Figure 215 is the comparable location on the outlet. Predicted and

measured .ressura pulsations on eilher side of the motcr were very lov, less than

20 psi peak-peak. The computed resonant rpm's for the short line circuit were

26U0, 5200 and 7800 rpm. No direct comparison of these results uith test data

could be made.
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/ TABLI 20. HSFR INPUT DATA

awboRo 15826 AUG 09"78

*'*HSr3 MOOR 148 ODL TE"T CIRCUIT **'***tDeMOftJ)
24 1 120. 1400.

1000. 10000. 100. 1. 9
6 25 .119 .358 .694 .784 .400 .00736 .219
.219 20.0 1.90 17.7 17.7 17.7 17.7 1000.0
160. 200.

a 0 . .SO0 OJS 3.0601
a 6. .900 .03S 3.0L07

1 0 6. .So0 .035 1. uk 7
1 0 6. .500 .935 3. -ý t0 7

1 0 6. '.S00 .035 3.0L07
1 . .500 .035 I.0C07
1 . .500 D03S J.0L07

1 0 S.oo0 .035 I.0.z07
1 0 S.(.,0' .035 3.0c07
1 0 6. .500 .03S 3.0601

t 14 a 50.0 7.7

1 0 1 .50o .035 LOW60
1 a 6. .5t.0 .035 3.06t07
1 0 6. .500 .035 3.0t;07

I 0 6. s50e .8ý5 3.0t:07
1 0 6. .,00 n3s ).0E07
1 0 6. .590 .035 J.0OtO7
1 0 6. .$a0 .03S 3.01;07
1 0 6. .500 .035 3.0c0l
1 0 6. .500 .035 3.0k;07
1 0 6. .500 .035 3.0607

14 a 50l.c.0 7.7
_5 1 2 3 4 6 7 S 13 14 15 16 17 1s 19
1s 1 2 3 6 i 6 7 S 13 14 15 16 17 1t 15

2 1 $4
2 1 14
2 1 14

20.00 -- -----. - -.-------- -------- -.---------- ---- ---------------------------

16.00

17.00 po

*p p poo

* p

pp
pp pkpz

-. 0 -- -- -- -- -- -- -- - -- -- -- -- -- I-- -- - -- -- -- -- -- -- -- -- - -- -- -- -- -- -- -- -- -
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TABLE 21 HYDRAULIC MOTOR TRANSIENT TEST RUNS

STEADY STATE PtT0P ItTOTATION , I136 INILE7T NFtERVOlN RUN"ViAW (CPN) TE 6PERATURE PR8FSURE WIM:SER
HICH LU4i 4r) P5W)

2 0 CCV 119 62 9-01+

+2 -2 CC(W-CW 120 62 9-O3i

5 0 CC, 123 '2 98-04-
5 0 CCV 122 62 9A-n&+

+5 -5 CQV-41V 122 62 98-04n

10 0 CC' 120 0) 98-05-
30 0 CCW 120 *3 98-0.5

+10 -10 CC'-_C 120 62 98-05I

15 0 CCV 121 59 95-06-
15 0 C(V 122 62 98-06+

+1• -15 cCL-OW 122 62 98-06R

18 0 C(1 120 62 98-07-
18 0 CUN 121 61 98-07+

+16.6 -16., CCW-O.W 123 63 98-07R

Notes: 1. 4 indicates a turn-on transient
- Indicates a turn-off tra, ,lent
R indicates a motor reversal

The hydraulic motor was not loaded for the testing. The relief valves in

the motor lines were set for a 4000 psig cracking pressure. Hydraulic pump

speed was limited to 2000 rpm so as not to overspeed the motor beyond the

design flowrate of 18 GPM. During the testing the transient pressures

were monitored to assure that they did not exceed the cracking pressure

of the relief ,.alves.

The motor speed pick-up was an AC type unit. The signal was converted to a DC

level to facilitate recording and playback. The conversion process introduced

a la-g in the signal. In addition because of the high frequscncy of the signal

(23 tooth gear yields 2300 HZ aL 6000 rpm) the electronics woold roll off the

peak values and smooth out the transient signal. Consequently, the measured

motor rpm was only good for steady state values.

,The turbine flowmeter (Qi) had tha same problems, but had better response

characteristics because of the lower operating frequencies (20 gpm 175 HZ).
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After completing ýae transient test series, the relief valves were rechecked

for the proper setting. The relief valve in the line that contains the Pl and P4

pressure transducers bad a cracking pressure around 1500 psig. The relief valve in

the other line started leakiag at 250 psig but did not fully open until 4300 psig. This

introduced variables in the test runs that were not adequately measured. The leakage

flows throulh the relief valves were not recorded. Also pressure histories downstream

of the relief valves are rot available. Without known boundary conditions a

computer simulation V a test run is impractical. No meaningful correlat:.on could

be accomplished. ! m.wver, a computer simulation of the test system was made to

determine if the |lal was operating correctly.

c. HYTRAN SIhULATION AND DISCUSSION

A HYTRAN sch•ematic of the motor test set-up is shown in Figi.!e 217. A turn-off

transient at 38.5 CIS flow was the first simulated run. The cmputer input

data is presented in Table 22. Figures 218, 219 and 220 show •.e inlet and

outlet port pressures and the motor RPM respectively. In Figure 2119

the motor outlet pressure falls below the fluid vapor pressure because

there iS no cavitation model at the port. The initial steady state

flow was 62.2 CIS. The steady flow after the valve closure was 3.85 CIS.

LEG DATA
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TABLE 22. HYTRAN %INPuT DArA FOR MOTOR

I N , * : : S % 1 0 0 A U D I L - 9 4A 1 R A T E 1 3 64 -014- 1 6 *& A S 3 1 1 4 * ~ *6 * f O K T V 6 6 6

MY4 16*9133641 isP041 Foa V-91 0.0 t0 T. *300 SECO0DS01 TIR I31 ttTro6£ts of 0137. .c0os*
oil" OUTPtUT ulet P03 P.01310 At INTERVALS3 Ov . .00500 SECONDS

Fe.UIO DATA FOR lIt-24-5606 AT11300.0 PSIC. - 20 PSIG AND0 170.0 01G F IN 10.0 PIC F STEPS
WItsOnltv - 24-1 .169t-0111414.?,1
DENSITY1 - .816f-04 *4l6t6-O41t.$-161..2ulI"*4.
$U3.* R1001UL1 .2360.06 .394*#04psI
V4POUR PRESS.. .200EO03 it I20.0 DEC

Fig-UP TAKEN4 AT LINE4 ki.Vf1 Or ý0O14o In 334f 4 Is z1.zpfp CENT? IN 16000

I 7.00*40 23 .3001,06S 30.007 76.49;AT11S~ IF04.64OF

... Oo 4300 .0150 .3000040 30.0000 t6.41999 90129.6433
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3. STEADY STATE TESTS

Three Steady State Tests were performed on the motor in the Hydraulics

Lab. The first test was to start with equal port pressures and by lowering

one of the pressures, record the pressure at which thu motor drive shaft begins

to rotate at no load conditions.' Table 23 presents the data for this test.

TABLE 23. HYDRAULIC MOTOR BREAKOUT PRESP1 JRE TEST RESULTS

PRESSURE (PSIG)

IN•.T OUTLET

100 20
200 60-65
250 85-90
300 110-3 15
500 210-220

740 325- 35!)

1349 890-Y 2;;
2.0]0 975-U1
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As the inlet pressures increased the pressure drop at which the shaft

would begin to rotate'also increased. The internal static friction coefficient

for the motor may be determined by plotting the pressure differential versus

the return pressure (Figure 221).
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J f ~~Coefficient of Static Fr iction18

•- ~Cf - 0.94
,• 170

2500
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FIGURE 221
MOTOR PRESSURE DROP vs RETURN PRESSURE

Once rotation was achieved during the test the pressure difference

gradually decreased until rotation ceased. Unfortunately this occurred transiently

and the pressure difference across the moeor when the shaft stopped rotating could

not be read on the test bench gages. This value would have helped to determine

the internal friction coefficient which the motor was running. Thus it was

necessary to assume a value for use in the HYTRAN program.
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The motor lei'kage characteristics were determined by locking the motor shaft

and letting the taturn and case drain lines be vented to atmosphere. Pressure

was then apuliee to the inlet and the flows in the return aad case lines were

measured. Figure 222 is a plot of the pressure drop versus flow for both port

to port and port to case leakage. The leakage coefficients used in the HYTRAI4

motor model program were obtained from this data.
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The steady state pressure drop versus flow characteristics for the motor

were recorded on the transient test stand (Figur:e 211) by slowly cycling the

servo valve. Figure 223 shows a plot of the pressure differential across this

motor versus flow for a clockwise motor rotation. The steady state case drain

pressure versus system flow characteristics is shown In Figure 224.

A plot of motor speed versus motor flow is shown in Figure 225. This plot

and Figure 223 were used to generate a graph of pressure drop across the motor

versus motor speed (Figure 226). The slope of the resulting curve defines a

dimensionless damping coefficient. The curve sweeps upward indicating that the

pressure depends on higher powers of motor speed and is caused by the flow

resistance of the motors internal passages.
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SECTION Vi

SUMMARY AND CONCLUSIONS

I. HYDRAULIC LINE KECHANv ;Al RESPONSE PROGRAM

a. Program .Obectives

Development and verification of a computer program for predicting line
mechanical response due to predicted pump pulsatioan was achieved, but to

a limitei degree. The cqmputer program (Appezid(I 3) developed was based

on simplified beam analysis, but included coupling mode effects. Computer

analysis of the straight pipe produced excellent correlation to test rcsults.

The one and two 90Q "eid confligura4ions provided good correlation but re--

quired Ltc ui.q 0 simplifying assumptions.

The program can be used to determine the mode shape crd freq'.uency cf

fundamental line responses. Higher modes of line responz•e, which 'ere the

predominant responses in the lines tested, are predicted accrvrtelv for. certain

configurations. However, these solutions cruld not be generallzed, ter ore

a general purpose line response computer program was not ahievcd.

The present program, along with other analytLi'al techniques and design aids

developed,, can be used to study the frequency reýponse of a particular line

installation. This capability can proviVe useful Information in av!dh(Ig

line resonance conditions in the hydraulic pump operritinV regime., dart i,-uiarty

fundamental line responses which can lead to rapid fLt f;, , failure of a

line.

Ultimate usefdlness of a line mechanical rcsponse c.mputec Frogram to the

system de-J1gner will require prediction of linc. detiections an ,' ltg

line stress. This capability would allow the deslguor to a.331d coifiguuzc.,onc

which way result in early fatique failure of a lihe InstnlInttion.

Wearout' of line clamp cusnton, clamps, a.' clamp rn.ut 'g structure •Te ltf;--

range problems re4ulting from pulsttion induced liun notion. Pr.dtctp.'n ot

line motion amplitude and direction is needed to allow ,ore Judicrous

placement of line' clamps on the central sy,-ntem lineq. This approach would

place clamps P. locationg where axial line motI1i: tiereby iorr ,inw

cz amp lift.
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A generail purpose HLMR program will require considerablv more test verification

worh anJ better mathmatical techniques. In recent years the finite element

method has been developed. The b-sic idea is to divide a complex problem

into a &eries of simpler interrelated problems. Thus, the whole is modeled

as an assemblage'of discrete parts of finite elhnzets. Presently a number

of disciplines are using this method to solve problems normallyassociated

with stress analysis and solid mechanics,but also those'connected to

electromagnetics and flaid-flow networks.

b; Test Results

o line speclmt.ns were excited by hydraulic resonances, and resulted in complex

mechaniical ras'ponseF for which analytical tools are not presently a!,allable.

o No fundamcntal. mechanical line responses were encountered in thc pump

operating regime.

o The elastoweric clamp produced only a minor effect by slightly lowering

the peak "g" levels of the unzlamped ronfiguration. There was no

significant change in mode shapes.

o Peak pressures and accelerations were out of phase for the straight pipe,

ncar mid-span, and for the two-elbow pipe between the elbows. They were

in-phase for the one-elbow pipe in the vicinity of the elbow.

c. Line Data Reduction

The use of single--...Is accelerometers necessitated the re-run of the pump

speed sweeps for each of the three orthogonal axes. LUrge amounts of data

had to be coordinu,,d und' r,educed for the multiple accelhrometer locations

and a-ocý4.ted F r This was time consuming. The mode shapes were

calcuiate. n p• e, : -. r each signiflc3r~t pump speed to provide an overall

'iew n- !nma•ion of Jhe pipe and ior mode identif ication. The 1 rge amoint

of tire devoted tz the testing, data reduction, and subsequent data presenta-

•.oh a, corre1itioor: i mited the time available to irvestig Le better g.ýneral
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d. Control of Line Mechanical Response

This effort and other MCAIR experience shows that destructive mechanical

response of central hydraulic system lines is definitely the result of

internal excitation by pump pulsations and the resultant resonant hydraulic

response of the system. Reduction of pump pulsation energy produces a

reduction in line motion. Unfortunately, pressure pulsation level cannot

be accurately correlated to line mechanical resporse, which varic-• w~idely

based on the specific line installation/configuration. Development aed

use of effective wide band pulsation attenuators offers an at~ractive and,
perhaps more cost effective alternative than development of a general purpose

HLMR program. The use of an analytical definition for an optimium line

configuration may be nullified by installation constraints which usually

dictate routing, clamp locations, length, bend3, etc.

Current design reqtirementsfor line clamp type and spacing address steady

state loads and externally applied vibration loads from the airframe or

engine. Cusnioned line clamps do not significantly alter line response due

to internal hydraulic excitation. They, thorefore, must be designed to give

good life with whatever line motion exists.

2. F-15 PISTON PUMP MCP!L VERIFICATION

a. Objectices - The primary oejective of this portion of the follow:-on contract

was to investigate means lor improving and expanding the capabilities of the

HSFR and HYTRAN pump computer models. Thi=s a accomplished by conducting

frequency response and transient te'sts at 4400 psi pump outlet pressure to
verify model simulation at higher operativg pressure, installation of a case

Pressure transducer to improve the pump molel calculation of case pressure

at 300" and 44OM psi pump outlet pressurs, ind model changes to improve the
r;mping _ '-r!ct.ri:st~cs of the pump.

b. re.ýt• I <tc]e The F-15 pump used in t0- original AFAPL contract was

b-, the qupplier and used in this -:!rification. The wiped port

plare an Iu cylhder barrel were replaced :d, a case drain pressure tap was

in•.a:hd, and the plimp was outfitted with new C' rings. Steady state

te~t3 ,•er run to recheck the case pressure/flow and heat rejection characteristics.

., - T computation for pump hanger actuator leakage was

u pat e d os• 1 equatli- fur fully develo~ed laminar steady flow between

stat'- • f •l½t•.. The computation for describing the flow forces

on th ., fnvestlgated. A parametric study was performed to

,- , ,, i.-i,,• ,f i~pt data In the computer simulation. The pararet'rs

iz55',) ,u uma:V clucug~i actuat-or displacement, coefficient of pump

186

A-------------------------------



d. Conclusions -

o When frequency response test data at 4400 psi was overplotted on HSFR

computer output for comparison, the plots show excellent frequency correlation

for the second and third system resonant frequency, however, much higher

peak pressures were predicted by HSFR than were measured. The period of

the standing pressure waves shows excellent correlation between computed

and measured results, but again the measured amplitudes are much lower than

the HSFR program predicts. Data is not available from the 3000 psi cesting

for direct comparison at the high flow rate required to keep the pump control

stable at 4400 psi. The HSFR pump model is capable of accurately predicting

system resonant frequency locations for system pressures up to 4400 psi.

However, amplitude prediction is not accurate, the level of inaccuracy

being about the same as that obtained at 3000 psi pressures.

o The computed and mcasured results during transient tests at

3000 and 4400 psi compare well in most cases. The general

computed vs. measured data correlation is better for the turn-

on transients. Both amplitude and period characteristics of the

data fit much better than for the turn-off case. It is concluded

the HYTRAN pump model can predict transients as accurately for

system operating pressure up to 4400 psi as for 3000 psi system pressure.

o Of the pump model changes iziestigated,'the hanger damping term

has the most significant effect on yielding good correlation between

computed aad measured test results. Time did not permit determination

of an al-orithm for hanger damping that fits all cases. The installation

of the case drain transducer enabled the study of case pressure/hanger

dynamic relationships.

3. VANE PUMP MODEL DEVELOPMENT AND VFRIFICATION

a. Vane Pumn- Pr~smure Pulsations

Total pulsations in the vane pump outlet line of a simulated system reached

a maximum of 210 esi peak-pe.k at !4,000 - 14,500 rpm with an outlet

flow and pressure of 8 gpn and 343 psig. Pre 'ure milsations at this

speed in the upstream control line are very strong, reaching about

1000 psi pesk-peak.
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The relatively low impedance (low acoustic reflections)of the metering

valve allows resonant responses from all the test circuit lines down

to the load valves, and probably even to the reservoir, to be exhibited

in the main flow line from the pump outlet. Therefore,measured reajn;it

pulsations in the outlet line are numerous.

b. Vane Pump HSFR Mcdel

The vane pump model is compatible with the HSFR program and can be

used to predict flow and pressure pulsations in a vane pump system. The vane

pump subroutine models the detailed motion and p-nping action of the CECO

vane pump. Although much of it is applicable to vane pumps in general, the

complex variable gecmetry of the CECO design is hard modeled. Modeling

of variable rpm geonetry and outlet port configuration and timing

for other designs would require changes to the vane pump subroutine.

Cam geometry and outlet porting are key factors in the prediction of pulsation ampli-
tudes.
c. Vane Pump HSFR Model Verification

Resonant frequencies in the closed end sensing lines were predicted quite

accurately. The best accuracy was obtained for resonant frequencies

ir the upstream 6.ing line. Simulation of the sensing line terminations

inside the punip is a source of error. PreAicted amplitudes were about twice

measured values. Predictions of pressure pulsations in the outlet line are

less conclusive, The test circuit was first modeled down to the metering

valve and then to the load valves, and still does not seem to produce

all the resonant responses present in the outlet line. Predicted amplitudes

in the outlet line were generally about 2 times measured vnlues.

d. Vane Pu.p HYYTPAkN Model Vecificaticn - The computer predicted values for

turn-on and tUrn-off transients compare favorably with the ticasured test data.

I1. setting up the simulation care tust be taken in selecting the proper

steady state operating characteristics, otherwise a transient will occur

when the 3000 sention of the HYTRAN program begins. The transient response

predicted by the PUP.52 model is good, Lags between measured and computed

data are deperdent on the actuator extend and retract volumes. The cam

loads on the actuators deterwine the extend and retract pressures which are

not si'-ilated well. A better d&firition of these loads might improve the
c:'lcularod pro,,. A•re.s.
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4. HYDRAULIC MOTOR MODEL DEVELOPMENT AND VERIFICATION

a. Motor HSFR Model & Verification

The motor model was readily adapted from the pump model. The lack of

a static loading capability prevented the acquisi.ion of extensive frequency

test data. Powever, the limited test results and the pulsations predicted

by the model showed very low amplitudes, less than 20 psi peak-peak. The

motor model performs both inlet and outlet system acoustic analyses when

used with the HSFR program.

b. Motor HYTRAN Model & Verification

Some verification of a basic transient motor model was achieved within

the limits of budget and schedule. Thc model is applicable to in-line axial

piston motors. Computer results were good without simulating load inertia. Motor

internal inertia is high compared to reflected load inertLa in high gear reduction

applications such as the F-18 leading edge manuevering flap system. However,

load inertia is high in direct drive applications such as a gun drive.

The present model is adequate for transient analysis of motor driven

utility functions controlled by separate sulector valves. The motor model

must be integrated with a servo control oodel to use it in simulations of

servo controlled motor driven systems. MCAIR wrote a servo motor model for

the Shuttle Orbiter rudder/speed brake and is working on a model for the

F-18 leauing edge flap drive. However, no direct verification of a servo

controlled motor drive has been accomplished. This would require a specially

instrumented servo motor drive package and static/inertiAl load simulatiou.

Analysis of high response se.-vo motor driven systems provides an excellenlt

applicati3n for the HYTRAN program and should justify future zaodeling/

verification effort.

Tests with high load inertia would enhance model verification for gun

drive type applications. The present model includes internal leakage

ch&racterittics.
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SECTION VII

RECOMMENDATIONS

1. HYDRAULIC LINE MECHANICAL RESPONSE PROGRAM

For long range activities it is recommended that the development of a digital

computer program be initiated utilizing the matrix concept of the finite element

method with a concurrent effort to further evaluate the ultimate usefulness of

such a program to the design of hydraulic system installations. For short term

activities a continuing progr&m of test data accumulation and refinement of

empirical solutions is recommended. The following are recommeneed for future

efforts:

o Investigate the feasibility of applying a finite element method

(possibly the NASTRAN program) to predict'mode shapes and frequencies'.

o Conduct tests on present tested specimens using strain gages to determine

the relationship between stresses, hydraulic/mechanical resonances, and

previously measured accelerations.

o Determine the effect of increasing clamp flexibility by using F-15

type production clamps in the three previous test installations.

2. F-15 PISTON PUMP MODEL

Further investigation of the pump damping characteristics and its

modeling is recommended. Tests should be conducted on another pump conflgu:.ation,

such as the F4 pump, to verify the adaptabilit, of the pump model to pumps

of other sizes atnd more conventional response characteristics.

3. CECO VANE PUMP

The pump and/or engine manufacturei should determine if the high pulsatioTis

-a the upstream control( line are contributing to pump or line

failure modes. These pulsations could be reduced by the use of a larger control

line e.g. 3/8 vs. 1/4 or an orifice in the control line at the main line junction.

However, these techniques might adversely affect the control loop response.

1
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a. HSFR MODEL - To improve the HSFR simulatL.n a detailed knowledge

of the pump's internal leakage characteristics is desirable. This would

more accirately define the precompression characteristics and provide

better correlation between outlet flow and cam pisition.

b. HYTRAN MODEL - The addition of an empiricaily derived actuator load

versus stroke curve at various outlet pressures would improve the PJMP52

computation of actuatnr exvYd at- c(tract pressures. More detailed

testing is requir-d to generate this data.

4. HYDRAULIC MOTOR MODELS

a. HSFR MODEL - Further tests on frequency hydraulic motors should include

a static loading system for the motor. lests with inertial load simulation

should be conducted to further verify the HYTRAN motor model for direct

drive applications.

b. HYTR*N MODEL - Modeling and verification of a complete servovalve

motor package with simulated static and Inertial loads ia recommended to

provide direct model capability of aerodynasic control surface applications.
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APPENDIX A

BIBLIOGRAPHY OF FLUID-LINE COUPLING ANALYSES

1. Ashley, H., and Haviland, G., "Bending Vibrations of a Pipe Line

Containing Flowing Fluid" Journal of Applied Mechanics, Vol. 17,

No.'3, September 1950.

Paper deals with vibrations caused by cross winds on large (30-inch)

diameter steel pipe lines supported above ground at 66 ft intervals.

The analytical investigation, based on simple beam theory, assumed

that the pipe is simply supported (pinned-pinned) and calculations made

for a nuimber of flow rates. The fundamental frequency was determined to

be 3.54 Hz and would be approximately constant for the practical limits

of fluid flows. No relationship was made between winds and frequencies

other than to state that any transient aerodynamically induced excita-

tion could be handled by energy dissipation of the fluid motion.

2. Housner, G., "Bending Vibrations of a Pipe Line Containing Flowing

Fluid" Journal of Applied Mechanics, June 1952, pp 205-208.

Identical title as the Ashley-Haviland paper, with additional analytical

study involving the coupiing of vibration modes. It shows that little

or no damping can result in large amplitudes, and that at a high critical

velocity (380 ft/sec) the fluid flow can cause a dynamic instability.

However, such a fluid speed is not realistic, being 25 times as large

as the normal flow. Since amplitudes depend en the amount of damping

in the system and the magnitude nf the exciting force, a vibration

problem can develop which is similar to the Tacoma Narrows iridge case.

The collapse of the bridge was caused by lack of built-in dcnping. A

condition of no flow in the pipes would require a transverse,exciting

force of 13 lb/ft. to cause undesiratle effects. Such a force rate

was considered unreasonable and not attainable. No axial excitations

were taken into consfderatton. Unanswer-d is the size of the aerodynamic

force developed when air flows by a cyl-nder located near the grotnd.

2. Long, R. H., Jr., "Experlmental and Thecrelical Sti:dy of Tranverse i
Vibratlon of a Tube Containing Flowing Fluld' Journal of Applied

Meehanics, March 1955, pp 65--68.
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The equations of motion derived in Housner's paper are solved by means

of a power--series approximation for specific boundary conditions.

These ccrditions depend on the type of supports for the pipeline, i.e.,

fixed-fixed, pinned-p.nned, or fixed-free.

The pinned-pinned experimental investigation was performed using a 120.03

in. long low-carbon-steel pipe, one-inch OD, and a wall thickness of 0.037

in. The natural frequency of the pipe containing water at zero velocity

was determined to be 5.65 Hz. The frequency remained at this value

as the water flow increased to 35 ft/sec. Independent unpublished

experimental work on a similar tube was made at Cal Tech and reported

in this paper which indicates that a ten-fold increase in fluid

velocity reduced the natural frequency of the pipe by 3.2 percent.

Tegts on fixed-fixed and fixed-free pipe end conditions using a one-

inch OD, .073 in. wall thickness, 57.95-in long, SAE 4130 steel tubing

filled with water produced reasonable agreement between the analytical

and enperimental results.

The significant results of the tests indicate that fluid flaw has a small

effect in reducing the frequency.

4. J. D. Regetz, Jr., "An Experimental Determination of the Dynamic

Response of a Long Hydraulic Line," NASA TN D-576, December 1960.

The primary objective of the tests was to determine the frequency response

of small perturbations in pressure and fluid (JP-4 fuel) velocity in

a long (68--ft) hydraulic line. The results indicated that the dynamic

behavior of the line depended mainly on the elastic constants and inertia

of the line and fluid, and on Impedance. In addition, the longitudinal

frequency of the pipe had a marked effect on the inlet impedance frequency

response.

5. R. J. Blade, W. Lewis and J. H. Goodykoontz, "Study of a Sinusoidally

Perturbed Flow In a Line Ineluding a 90* Elbow with Flexible

Supports" NASA TN D-1216, July 1962

Tests were conducted on a 68-ft line, with a sharp bend at midpoint.

The line was supported in a manner that allowed for longitudinal rotion

of the downstream half. Sinusoidal perturbations were imposed by oscillating

a valve about a partially open position. The fluid used was JP-4 fuel.

The method of analysis assumed the mechanical pipe vibrations as a spring-

1C3



mass system with viscous damping. The results of the analysis

was considered to be in good agreement with the tests.

6. A. Bold, "Determioat-ion of Stresses in Fluid System Tubing Under

Conditions of Ptessure and Flexure" NAEC-AML-226.3, 1.9 August ý.965

The purpose of tlase tests were to determine the stresses developed

in tubing while under pressure, or due to bending, or bo:h. in order

to establish a method to measure stresses in tube-fitting assemblies.

The report concludes that the method outlined produced more accurate

results than the pr.icedure In MIL-F-18280B because it includes longitudi-

nal as well as lateral changes in the tubing.

7. J. H. Ginsberg "The Dynamic Stability of a Pipe Conveying a Pulsatile

Flow" International Journal of Engineering Science, Vol. 11, 1973,

pp. 1013-1024.

The analysis 6eals with small displacements of a pipe conveying

a pressurized fluid wich a fluctuating harmoni.- velocity. Equations

of motion are derived for the case of a pinned-pinned pipe. The

pulsating flow causes the pipe to have regions of dynamic instability

which increases proportionally to the amounts of fluctuation. The

pape- indicate3 that the results have great similarity to beams

carrying pul.;ating enu forces.

8. F. J. Shaker, "Effect of Axial Load on Mode Shapes and Frequencies

of Beams" NASA TN D-8109, December 1975.

An inxestigatton was conducted into the effects of axial load

on the natural frequencies and mode shapes of untform beams for

var:ious end codiitions. The results are shown in a series of graphs

so that frequency aai a function of axial load can readily be determined.

Another terJes of graphs shows the effect of axial load on mode shapes.

9. T. Iwatsubo, Y. Suglyama, and S. Ogino, "Simple and Combiti)Aon Reicnances

of Ccltmnns under Periodic Axial Loads" Journal of Sound and Vibration,

1974, 33(2), 211-22i.

This paper in a theoretical stuoi i-ito resonances of columns under

reri.>Idc a•l.al loads for four boundary condition,;. T,,.-ntt were (a) a

coilonn plnn,:d ýt both ends. (b) fixed a, both en-,< (c) fixed-pinned,

and (d) f >e6d-free. it concluded the region for f~rst mrode reqonance
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may not necessarily be the most important region for coluimns under

loading. Highcr modes and combination resonances may be of equal

or more importance.

10. M. P. Paidoussis, and C. Sundararajan, "Parametric and Combination

Resonances of a Pipe Conveying Pulsating Fluid" ASME Paper 75-WA/APM-29,

December 1975.

The authors studied the dynamics of a pipe conveying a pulsating !1uid.

The pipe hangs down vertically in a fixed-free zonfiguration. Although

much of the study was devuted to this case, a fixed-fixed condition

'was also analyzed. The conclusions were that for the fixed-fixed

case, combination resonances are associated with the sum of the eigenfrequen-

cies. while for the fixed-fzee case they are s.ssociated with the difference.

It stated that the conclusions were in qualitative agreemont with experi-

ments. These experiments , ,re to be reported at a later date.

11. D. B. Callaway- F. G. Tyzzer, and H. C. Hardy, "Resonant Vibrations

in a Water-Filled Piping System" The Journal ot the Acoustical Society

of America, September 1951.

The study reported on experiments performed on a straight 52.8-feot

long, 2.375-in. O.D, 0.067-in. wall thickness, copper nickel tube.

The water-filled pipe was suspended horizontally by soft rubber loops

and the ends were closed by membranes. It was determined that there

was large coupling between water vibrations and pipe wall bending

vibratLmns, so that longitudinal excitation of the water column resulted

ii wall motions of large amplitude. This is due to the large diameter-

to-wall thickness ratio not encountered in aircraft appl 4 cations. Bcndlng

modes were found to be more numerou- than other modes and causing trans-

mission of noise.

12. L. C. Davidson, and J. E. Smith, "Liquid-Structure Coupling in Curved

Pipes" The Shock and Vibration Bulletin No. 40, Part 4, pp 197-207,

December 1969.

A 78.28-in. long pipe, Z.5-in OD, copper-nicoel pipe, with a 90-deg.

elbo- at midpoint, was filled with oil with a bulk modulus of 238,000

psi. The excIting foroc' consisted of an external source driving a piston

linked to th8 elbcw. The resuits were reported graphically in terms

Of mo•,1iit~y (vtiocitv/force) vs. frequency and showed good ,greenent'
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between coaLputed and measured results over a frequency range between

20 Hz and 2000 Hz.

13. L. C. Davidson and D. R. Samsury, "Liquid-Structure Coupling

in Curved Pipes-IT" The Shock and Vibrations Bulletin, No. 42,

Part 1, pp 123-135, January 1¶72.

A piping assembly consisting ef straight sections and uniform bends

In a non-planar arrangement containinr a liquid was analyzed and

tested. The analysis indicated coupling between compressional

wave of tho liquid and mechanical responses of the pipe. Tests

generally confirmed existence of the coupling but not the frequency

characteristics.

14. D. R. Samsury, "Liquid-Structure Coupling in Pipes," USN (NSRDC)

Report 4191, April 1974.

A rigorous mathematical development of liquid-filled elbows and

straight pipes is detailed. The analysis is based on the previous

studies by the same Navy group as a continuing interest in the prcblem

of noise transmission thiough liquid-filled piping systems. Che

study indicates thzt in straight pipes no liquid-te-structure coupling

should occur which is contrqry to the findings of ether investigators.

Experiments using four-in. diameter pipes, three to four feet in

length, showed that the coupling phenomenon was suppresped.

Among the recommendations made were the following!

(a) The develo-ment of analytical models of other pipe components

(b) A design guide to analyze piping syst(es

15. Armed Services lnvestigatiný, Subcommittee, "Crash, of the F-14A",

H. Res. 201, U.S. Government Printing COffice, December 20, 1971

Allegations of defects and deficiocies i~i the F-14A aircraft,

design, ,ianufýcturc, testing, ane management, were made after a

crash occurred on its second test flight.

Accidert investigation revealsd that the causes were fatigue

fractures in the hydraulic cootrol. system tublng as a result of

ripple vibrations of the hydraulic p.imps.

The findings .•f the furco~m:ttee Indic.ted. tha•t the fiilure of all

three ctnt"o! sys.emn cc-1d he I laid on faulty .nd inadeqate dee•gn

and pose;!bly incom-nile!e testings. In addition, the evidence did dis',see

Z!• basis for most of the allegations.
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16. J. L. Sewall, D. A. Wineman, and R. W. Herr, "An Investigation

of Hydraulic Line Resonance and Its Attenuaicin" NASA TM X-2787,

December 1973.

The study mentions in its incrcduL.Zton "the crash of an advanced

fighter-aircraft prototype", prerumably the F-14 aircraft, and the

failure of the hydraulic line due to pump pressure pulsations,

The experimental investigatlon involved the use of two types of

attenuators. One involved the use of a cloqed-end tube (standpipe)

normal to thi main pipe. The other, was a commercial damper

with an intricate internal flow arrangement. The conclusions indicac'ed

that the c ommercial damper attenuated pressure pulsations over a

wider frequency range than tle standpipes.

17. J. A. Hutchinson, and R. N. Hanzock, "Ground Vibration Survey

as a Means of Zlim!natin5 Potential In-Flight Component Failures"

Shock and Vibration Bulletin, No. 43, Part III, June 1973, pp 175-180.

This paper describes the ground vibrations tests aad procedures

that Vought Aeronautics Company performed on the XC-142A and A-7E

aircg:,ft. The company decided to resolve empirically the problevis

associated with complex irstallations which were considered not amenaole

to design analysis. Over a thousand surveys were made which res::Ited

in 338 nodificetions to the aircraft cý_,ponents. The paper claims

that t'e results of all these efforts virtually eliminated hydr-lia.

leaks and Intermittent connector, failures.
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APPENDIX B

HLMR COMPUTER PROGRAM

AND

SAMPLE RESULTS

Bi. PROGRAM LISTING

B2. LIST OF SYMBOLS

A list of symbols with descr: 'tion and units used in the

sample computer runs.

B3. SAFPLE COMPUTER RUNS

Tables B3 th ough B4 summarize the results of computer runs for the

straight piie, one-elbow pipe, and two-elbow pipe, respectively.
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TABLE B!

MM PIO;RAM LISTING

lii- I1: .14 .'ky 9 3,7

r 22 91[1 I,.S , 3,3) V( 3,3 3 ,,'C'93) Cg( 3) ,(c H ,C•(3) ,t'7( 3)
i)•,: ,• gi ,r o, I,, r 1" ; L2 2 4 o :•' ( .) 2T i 4•(2 ) , -tC,• 2 4 2, }I, 24)

0 W1S t I'AUqI l'5*,.l,6.54 gli'j -9,4 U.0,-4.1Q(1446L-9,0,
},' 7Z I . 14 4S~ !. 11) 0, 3. 7 , L-')/

: D o 'r 0I 4- 11 / ,4.1i2 3 - C- . i.21;.2 )uIt5 -8,7. 201 65•-8.-2.0276 , 1 -6,
P ... 7 1 0'3 420', 1 .31420-3,0, 1. 6 1.33i-1,- I 16 L-7L-7,-1.272737L-5,

iilu Z-l.'4f'O'L-7,-1.9'473L-i,-2.2'337r.-7," L95473u,-7,-l.64(~i¶Jt,-7,

7 2-1 R ,1 , 7 1) .0 . 2q F "I-7, -5 .5i ),7 JL,- 7/
¢' h20 2 ' -IC ' ' %/ S , ,i ,-l.C19 S2x-5, 1.23016,-5, 3.()4?33i,-6,2.32 '14,.-5,

... 2011 b - 2 226 -6.5.925 3L.-5,5.O52' 1.,-5;,6.26U,4F-5,
I -'-4 . V- t- -- I 2 01 1-74, 1. 0 6 L- 3, . 4 4 5771- 4, 1.649 "47i.-',

C.2.i 9 4, 2. 34 0 .4 ,13 124 2 .- 4, 2.2 117t.-4/
I A £ . .. 1. 3 5 L-3,67,.7ý1h-4, 1. 17T1L-3, 1.4153 4L-4,

•:2• 0 Z - 4.. 5., L 3, .3 ý 3 2 .1 3 -1 , -1 1,0 714 3L. - 3 , 3. 4 qG 03 .3 , 4I 2 1'•b 3,.2 Z-.72"- 7 -3,32f64 15 -3,-1.2111112-6,6.542 3-3,5.221'l -3,

7 1,' ,22.4, 22.2 6 1, 1 377 -,21. 3 25,2 .68 1,2 7.(332,1 7 2.64 ,7 ,

7,,I'% 7" -i /.)O0;l, .9 , .l8 ,.14,5.15 1 .) 9,.203 , .20 1, .251, 3.274, .27 ,

Z5.1
--51 ,oR yl;;, p ') k) -"O z %')t

419

S!4 F 5 I I•• T! 11 ) ,T :T•u Lk:

': 'i ':• L.' ... 'ýF'P7'p,' ,{ n , T , P I , l,2 , 1;)

',~ ~~ Ao- 0 -0 ] {, :,. .o) a 'TO 1

: "r 0'-f r 5 1

:: : ":. ?r; ?i]: 7,'z ?, (:] !,T V1PP, D'O YCOt] I L; T.) C(;m,•iLITr, k,• A i ,llt) OWT OF PBEi4LV1 1ý

t:::.L~r :" ;7,'~a "*J: I!,l To ,-]' C 'PUll "r. ,G 74 TFI:j f '), FACTIOi-'t;? Y OK UI
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IMIS PAGE IS UfST 4UAIny ??J CT ICA.B14

P"~0 XtX ji&W SHM To DDO

00590 C'LL 3'%SCI)A(21 ,Al,A2, vlýiw GR ,ol,')r4U;,ALDR2)
00600 NDOw.5rRr(*/1

00621l0 Il=D-2*

^0O630 2F*2(*2F*)
00640 FO=(22.4/(2*P1))*&Qs)tT((bL36I*C,)/(R3*AL**4))
00650 F2=(61.7/22.4)*F0
00660 F3=(121/22.4)*&10
01017.0 F4=(200/22.4)*FO
00680 F 5 =(A DN/AL) /SQRT ( I+ D * U2
00690 5 IF'(BR.~Q.0)GO TO 6
00700 -UJr ~Aa FCv'c~ rACr,)i 1INPUT iJA-rV
00710 P:1N'r,bl~4'LR THIý PIPiL ,bNu'l'd
00720 REk.)AO'L
09730) PRIWT,' iNi'Lt THL N~UAB1LR OF PO1NT63'
00740) REA 1),t!I
00750 DO) 5-5 W4=1,N1
00760 v4Rlrb(6,54)N
00770 54 FOPLM'V;T8HlWPJT X(,1,lnI))
00780 RLADCO(N)
00790 55 C ON'f N Ur
00800 PH11 4T,'rNrFER PI F1 P2'
00810 RLAO,P1,P2
00820 PRJWT,'bNTtR Qi & Q2'
00830 RLAD,()l,)2
00840 PHL! P,*ENTtEH ',v & M'1
00850 LDOM
00060 PKJi'JP,'ENTfiH Ttit, SPRIN~G RATE'
0086] TO=90
00q62 R=3
00870 RbADS
00880 PRL4T', k.N,"UR T~fm. 0lvTANCE B'P,½,Lt; SUPPiToi~'r
00890 READ,i50

009101 S3h(E,*tRI*G)/(,R2*A\2+Rl*Al)

00920 S6=S;)PT(SP )
0 '))3 0 DO 8 N=1,10
0 0 940 8 C 3 (t)=*1 *2*S 6/ B 0/ (N+ 1)) 2)
()009 50 F 6=,v2 ~OrP 1*2+ P 2* * 2)
0 ()1)6 F7=( (R2/G,)/Al)*(Q1**2+Q)2**2)
00970 F 8 =3QFT(QI*12+Q,2*2 ) /A 2

0 01 -9 9 0=F6/F7
00990 lF(R0.LT.500)GCO TO 9

01000 F7=0
01010 9 Tl='T0/57. 29578
0.1030 J I =F7 I -Co)S'(,T1)
01040 J 2=F6 *61 (TI)

6 0 r)9 = J2 + ,1 3

21) '70) Qa&al +Jf)
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281S PAGE IS BNT QUALI'fY rCl~
7IT" Gory FimESHE) To, DD)C

Ol~do Y9.-9/( (..3/-ý) *C3( 1) **2)

01100 4.f*3*PJ
01110 A9=.,.4/C3(l)

0 1130 I)=~9*2+A3**2)
r01140 ~ =P/

01170 0(J=

U20 1') C2( ! )=C2(N )+VfJ

0 12 20 CO.4Th141LI

011240 C2( )=:(C 2(
01250 2) C>1.L

0l26 ~ 1F(C~.~/).)00 T) 12
0 127 0 pF3.X.V0r) 13

1 'u 12 CALL OU'T21( L, '),T,AL,R1, 'i2)

Q 130t') C-AlL mr',T3(;-3)
01310 CALL OUTPT4 (AL, FO, F,'F3e1, F',5)
01l320 F(0.?1)JT 13
-:13 30 :;3.j If" 11
,)I IAo 13 CAL[, OUTYPT1( L'.),T,TAL,kl,1k2)

01330 CALL OUTP'r5( r,-, R, P,P2,:1Quc,..:
0135~~ C.LL or;(J~,,1A,1.2

0l13 71 C'ALru~6.3c(1 F,0,8~9~6Q,9A,1
01 3s0 CALL OUTP'r7(COC1 I C2( 1)r,6O(1) C3( 1),Pi v1)
01391)0 14oG r:) 1.5
~14l 2ý Y (50) =0
014 10 PRIIT,'6NTiA, AMl *% L2'
-11120 AL, 2

o 4lit) ?UL=LlA~L

0 1121 ,

01 P!'0 P0.T, 'Lvrtlý rm:, T). PAN d i'

0 15 0 9 DO Iti 7=1,24

0 151 Y 3)=YT0J + pI R 6'r3 X 1RT(3*14+j1() E

0i 153 C=Y Ili

.1300 T) 17 Jý1,47
Cl15 7 1 rLtrC+
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=IS PAGE IS BW ¶AJ1?A11AI
mOW O PJ=XI~ SHIM TO DDC

0151.) IF( I1.GT. CA.ifIb(A) AND.H .L 1.cCAR64) )Y(50)=(Y(C)+Y(kLrfA) )12
0)1 9;0 A=A+1

1 111) B3=3+1
0 16 2') ;F H .GT. CA R Dx(A) .,'ti D.9 1 . Lr. CNR 06( 3) )Y 5 1)Y=(Y(Q OLTA)
0 16 3 1F(Y ( 50).NL. 0) 30 TO 5 7
01640 =9~
01650 17 C=C+1
0 ! (3 57 'i5=Y ( 50)*(L,**31 *G) / (b3*,hL* 3))*.5
n016710 F9=,6/( 2*P1)
0158) 0 02=F9/.15
01i9o H( 1)=13. 4
01700 fi(2)-50.0
0171uj I( 3)= 14. 0
01720 AL4=(hiLl+\*L2)-R*(2-P1/2)
01730 DO 18 .'=1,3
01710 C 0(N)=ti (N)/2 * P1I*i 1**2)*SQRT (G*i.--I1(.4 3 7 5*P I*A 1+. 67 R 2*A 2))
01750 13 72(:')=(H(N)/(2*P1*AL2**2))*60tý'f(G*L;*!1/(.4375*(iPl*Al+.67*iý2*A2)))

0)1770 A3 =1/(2* P1*ALI2) *SQRT( ( C*_) /M1)*1/oQRr( 1+ (R2*A2)/(p*A2)/(R A1
01790 A61=1/(2*P1*AL2)*6iQRT,((G*L)/ifl)*1/oQI*A't(+(i2*,33*A2)/(R1l*A1))

01300 DO 19 N=1,3
0 1 R1') IF(AL1.EQ.0)GO TO 20
01320 C6('))=CO(N) *A3/JsQRT(CO(i,4)**2+,\3**2)
01ý,00 20 IF(AL2.UEQ.T0)G To 19
01840 C3,(N )=C2('4 )*A6/SQ)RT(C2(!l) **2+A6**2)
01850 19 C ONTI NU L
01360 PRJý.T,'ONL ELR0O, PIPL V13RA~riaisl
01~370 CALL~ OUTPT ( L,1),T,NL, RI,E2)
01380 CALL OUTPT8(AL2,ALl,Hl,R)
01390 CALL OUT,?T2(81 ,AL4,A1I,A2ý.1,ai2)
01300 CALL OUT11T3(~v3)
01910 CALL OrJTPT39(A3,,A6,C0(lt,C2(l),CG(1; 5C31 1),X1,Y(l),C'2,.a5,F9,
01911 J'31,A61)
01920 Go TO 15
0 19 33 3 PRT i', 'r'.O L1,30-1 Frl L lP PLA:4L AND I OUT OF PLA)L Vli.R~A~iO4l3
011940 PiRi>A', L~TtAR THL PIN FL LtfTiS ALl ,AL2,Al'3
01950 PR•A5,ALl1,Ar_2,AL3
G01900 P'IvT, 'LATER TdL B3END RAD) IS'
01970 PiIAýD, R

* 01980 CALL ACA8,,2,v,2,3,P,1oRAL')
01990 AL4=fALhAl,2+ý,L3)-r<*(4-Pl)
0 2 00 r) LL=A L1 *%L2
02010 1 F( L f.L ,4>XO)CO TO 71
02020 X4=6*iL*f33*(1+AL21/AL1)/(AL2*(2*AI,1**2+3*4ýL3I**2))
0 2 f)3C GO TO 22
0 20 40 21 X4=0
0 2.'!59 22 X2=( P1*A1+R2*A2)*. 25*(AL.14,\iL2+2*ALI)
0 2 0 r0 X3=(1/(2*P7)*3sQwR(G*X4/X2))
ID2L)7 0 k.I* LP/3i)
02 0380 GI1L/( (2½ PT(AL1+ANL2) )ý'* I~(/SQRT( 1+ R 2*A 2)/U *A 1) )
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THIS ?A(CE IS BEST QUALITYi
7p,"0oot rjWSHM TODDDO -

02090 F.4=.4375*((RI*Al)+(.67*R2*A2))
02100 4(l)-15.4
02110 H(2)=50.0
02120 H(3)=104.0
02130 00 23 t4=1,3
02140 IF(AL1.EQ.0)GO TO 24
02150 CO(N4)-H(N)*jEM*SQ)Rr(Rl)*SQRT(dl/Fm)/(4*PI*AL1**2)
02160 GO TO 25
02170 24 CO(N)=0
02180 25 !F(AL,2.FQ.0)GO TO 26
02190 C2(ý4)=H(N-)*r,M4*SQRT(Rl)*SQRT(B8i/FM4)/(2*PI*AL2**2)
02200 GO TO 27
02210 26 C2(N)=0
02220 27 C3(,N)=G1*CO(:,4)/sQR'2(Gl**2+CO(N4)**2)
02230 23 C6(,4)=Gl*C7(:i)/SQRi'(G1**2+C2(N)**2)
02240 Gtl=.25*(RIIAl+R2*A2)
02250 i1.5*l
02260 OM=SQRT(G*±E*BI)/(2-PI)
02270, 37(1)=22.4
02280 37(2)=61.7
02290 B7(3)=121
02300 00 28, N =1, 3
02310 C7(N)=0O.
02320 IF(AL1.NJE.0.)C704)=,(3M/SQRT(GM).)*(fI(N )/ALI**2)
02330 C8 (N)=0.
02340 If'(ýAL2.NE.0.)C8(,4)=(OM/SQRT(CM) )*(H(N)/AL2**2)
02350 DM(?J)=0.
02 360 I F(AL,3.N E.O. )DM(N )=(OM/3QRT(fiL1) ) *B7 (N )/(AL3**2)
02370 28 CONTINUE
02380 DO 34 N-ý1,3
02390 DO 34 J=1,3
02400 U(N J) =(C7 (N )*Df1(J) )/SQRT(C7(N )**2+ot¶(J) **2)
02410 V(N5 J)=(Cg(,N)*DrI(J) )/SQRT(C8(N;)**2+DM(J)**2)
02420 34 cotr1NuEI
02430 IF(AL2.EQ,.0)GO TrO 35
02440 DL=(ALl/AL2)**3*AL3/(1+(AL1/AL2)**3)
02450 GO ro 36
02d6fl 35 DL=O
02470 36 IF(LI,..Q.0)GO TO 37
02439 bL=DL/(A[,1/At.2) **3
02490 GO TO 38*
0250,) 37 EL=0
02510 38 LILAIA;2A,
02520 TF(L1tL.EQ.0)roO TO 39
02530 PLýý3*E*BT*LL/(A1,2**3*DL)
02540 GL=3*.1*iBi/AL,2"*3
02550 T OAD ý5.Q P T (G i
0 2 5-69 T2= 1. .7 32Vi 081 *0M/TOAD
02570 T 3 2/ A 11" t2
02580 T-
02590 w-*HA,
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ZRIS AGE I.SBtT tVA!,tY!PRCIcAWL

zJci OWY uJWSHM TOD

02600 B8-1. 73205081 *Oi4/SQRT(w6 *SORT( (AL1+AL2) *3/ (ALI **3*AL2* *3))
02610 GO TO 40'
02620 39 FL-0

02630 GL-0
02640 T2=0
0sG5b0 T3=0
02660 T5=C
02570 B8=0
02680 40 DO 41 N=1,3
02690 B9(N\)=OM/SQRT(HM)*(l/(AL1+AL2))**2*B7I.(,ý)
02700 41 C9(N)=B8*B9(N)/SCRT(88**2+B9(N)**2)
02710 PRINT,'TWO ELBOW PIPE VI3RATIONS'
02720 CALLG(UTPT1(E,0,T,Al,,R1,R2)
02730 CALL OUTP10(R,AL1.,AL2,AL3)
02740 CALL OUTPr2(BI,AL4,Al,A2,"l,W2)
02750 CALL OUTP11(ni3,x4,FM1,GPI1,HM,DL,EL,GL,vd6,C0(1),C2(l),C3(1),C6(l),
02760 ZC7(1),C-8(1) ,X3,G1,OM(l),U(1,1),V(1,1),38,T5,T3,B9(1),FL,C9(l))
02770 GO TO 15
02780 15 WRITE(5,52)
02790 52 FORIA.AT(.31HDO YOU WISH TO C0NTINU*--? Y OR N)
02800 READ, 6;R
02810 IF(DER)53,53,51
02820 53 CONTINUE
02830 EN D
02840 SUBROUTINE INPTDA,(D,T, Ri,R2, E)
0?J50 PRINT,'GENERi- READDATA SECTION'
02860 PRINT,'INPUTITHE MATERIAL CODE OF THE PIPE'
02870 PRINT,' CODE # MATERIAL'

ý,2sn PRINT,' 1 TITAN IUM'
v ~ PRINT,ý 2 AL UM TN U M

02900 PRINT,' 3 STEEL'

02910 PRINT,' 4 OTHER'
0 2193 GO TO(4.4344,4),

02940 4& E=16[-,6

02950 43 =.106

02990 GO TO 46
02970 44 E=30E.6

03290 GO TO 46

03030 45 PRTNT,'ENTER THE MODULUS OF ELASTICITY'
03040 RIEADE
0 305 0 P PB 'TTý'DNKR THlE PIPE DEjJs I TV
0 3 r, 0 p FA T) Ip i
03'O0 46 PPINTI,'IN'PUT THE SIZE CODE OF THE PIPE'

PR 1 7 , 0 T- Ir * PuFIE ~~j7fS
1 1)L 051'
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=IS PAG! IS BIST QUALM YPLCTICABL11
FAA OOY WMISHM TO DD)C

03110 PRINT,. 3 1.25X.065
03120 PRINT,' 4 OTdER:
03130 RLAD,AA
03140 GO TO(56,47,,48,49),AA
03150 56 D-1
03160 T=.051

* 03170 GO TO 50
03180 47 D=.625
03190 T=.032

* 03200 GO TO 50
* 03210 48 D-1.25
03220 T=.065
03230 GO TO 50
03240 49 PRINT,'ENTER THE PIPE DIAMETthRl
03250 RLAD,D
03260 PRIN4T,' ENTEP THE WALL THIICKNESS'
03270 READ,T
G3280 50 PRIN'T,'ENTER TH*. FLUID'DENSIrY'
03290 READ,R2
03300 RETURN
03310 ENlD
03320 SUIAROUTTNE BASC0)A(81,A1,A2,iwl,W2,W3,GR3,PI,D,T,R1,AL,R2)
03330 BI=(PI/64)*(D**4-(0-2*T)**4)
03340 Al=(PT/4)*(D**2-(D-2*T)**2)
03350 A2=(Pl/'4)*(D-2*T)**2
03360 Wl=Rl*A]*AL
03370 W2=R2*A2*AL
03380 W-v+0
03390 G=386
03400 R3=R1*A1+.25*R2*A2
03410 RETURN
03420 END

* 03430 SUZROUTITNE OUTPT1(L,D,T,AL.RI,R2)
03440 WRJTTIf6,100)
03450 100 FQF'-l;/////,IOH N PUT .DATA,/,9X,1HE,11X,IHD,)IX,IHT,11X,14L,0O'.
03460, Z 3fHP '!C9X,4fPFRHO,/,$X,3HPST,10X,,2HIN[,10X,2HYN,10X,2HIN4,7X,7HUk-&/IN43,
034-(0 z (X, 7 li b3/ IN 1)
03480 WIrE, '(i,l01,E;,o,T,AL,R1,R2
03490 101 FOPj'1AT(2X,6lv12.4)
03500 R fTJ P2
03510 ElN 1
03520 SUMPOIJTTHE OU'rP'2(B1,AL4,Al,A2,W1,W2),
03530 WRTF1G6951
03540 96 FOPR!lAT(//,i0HjTt3AlSC DATA.)
03550 u
03560 102 F0l'T'J -,1 0 ,3iL ,S ,5 F RF ,7 ,5F~-?,8 ,3iW ,9 ,3lw '
03"o0 v, IT ;6 ,9)
03580 90 FQ~- PI P, .3!T .1O,2 N,9,3 N 2 X HN2 X LS A HFS
0 3591i0 VJ? TPj; 810l1) B.'AL4,Al,A~2,Wl,W2
0 15 00 101 F0%'; (2 7F, L2.4)
03610 RET!1 a
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UXIS ?Aer IS D=? QUIAIITY MACT.ICA=-M
OWa Pcx1AJMSHMD TO DDC.

03620 EN D
03630 SUBROUTINE OUTPT3(W3)
3640 WRITE(6..103)vJ3

03650 103 FORMIA'(/,8X,4uIWTOT,/,8X, 3HLBS,/.2X,lE12.4)
03560 RETURN
03670 END
03680 SUBROUTINE OUTPiT4(AL,F0,F2,F3,F4,F5)
03690 WRITE(6,104)AL
03700 104 FORMAT(//,11iiOUTPUT DATA,/. 35HINPLANE AND OUT OF PLANE VISRATIL14.,
03710 Z//,11IIPIPE LENGTH,lEl2.4,2X,2HItb,4//,
03720 Z33,9 N TRANS FREQ(HZ) LONG FREQ(EiZ),/
03730. .1=
03740 WRTTE(6, 124)j,E'0,F5,F2,F5*2,F3,F5*3,F4,F5*4
03750 124 F0RMrvrA,rl2,3X,lE12.4,3X,IEI.2.4,/,211 2,3X,1E12.4,3X,1E12.4,/,2H 3,3X,
03760 ZE1E2.4, 3X,1E12.4,/,2H 4,3X,1E1'2.4,3X,1lE12. 4 )
03770 RETURN
03780 END
03790 SUBROUTINE OUTPT5(TO,R,P1,P2,Q1,Q2,WO,ClS,M)
03800 WRITE(6,106)
03810 106 FOjR.MATU/,7X,5HTHETA,9X,IHR,10X,2HP1,1OX,2HP2,1OX,2HQ1,1OX,2H0Q2)
03820. .WRITZ(6,91) 1
03830 91 FORt;AT(8X,3FID)EG,10X,2kiIN,9X,3HPSI,9X,3i1PSI,9X,3HCIS,9X,'3IiCIS)
03840 WRITE( 6,92)T0,R,P1, P2,Q1,02
03850 92 FORtMAT(2Xr6E12.4./)
03860 WRTTE(6,93)
03870 93 FOr U4AT(8X,2HN0,10X,3HCEE,9X,2HSK,1IX,1EJM)
03880 WRJTT(6,94)
03890 94 FORMAT(8X,3HRPM,9X,2HIN,9X,,HLB/IN)
03900 WRTTE(6,95)W0,C1,S,M
03910 95 FORtIAT(2X,4El2.4)
03920 RE rURN
03930 EN D
03940 StiBROUTINE OUTPT6(vw3,C3,F7,Q8, F8,W9, F61 Qý9,Y9,A9, PT)
03950 D I E;FN STO N -13 ( I
03960 BASE-C3(1)/(2*PT)
03970 flALL-W9/(2*PI)
03930 WR ITE ( 6, 97)
03990 97 FOR-MAT(/,gX,4fPWTOT,8X,2H"-,10X,2HFQ),,10X,2HFH,9X,4HFVr:L.9X.2H4K,)

040,00 WR3T,`,(6,07)
0401.0 107 FOPý'!iN7 30<3L8S,9X,2tHHZJOX,2HHZ,IOX,2HH"Z,IOX,2HHiz,1OX,2HHZ)I
04070 i' EA1 ff,98)W3,I3ASE,F7,Q8,F8,BALL
04030 98 F 01`M T r2,1 ,6 E 2. 4
04040 WR IT E6,9 9)
01050 99 Fh'r/ 6,1 214F P, 1 OX,2HFV, 1OX, 3HYST, 9Y, 21110)

04'1?0 64 F, X 1 9 X, 3 ifLS, 9X, 2p. N

040191 65 FO 2 4 F, 2.4)
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04140 WR1T~r(6, 108)
04150 108 FORM AT (//,11 H OEUTPO DATA)
04160) bWP.I~(6,66)
04170 66 FORI<,AT(2X,5IIX(IN),7X,4LiSUM'F,5X,5 Y(IN),5X,1IIft,5X,8HF(7J)(iIZ))
04180 DO 125 J=1,N1
04190 v4R~rE(6,l109)C0(J) ,C2(J),C6(J),J,C3(J)/(2*PI)'
04200 109 FOIl.AT(F8.4, 2X,F9.4,2Xdd.4,3x,12,1X,F11.4)
04210 125 co,:,TIN'L
04220 L=N 1+1
04')30 DO 105 J=L,1')
04240 WRPJTrb(6,110)J,C3(J)/(2*Y1)
04250 110 FORAAT( 32X,12, 1X,F11.4)
04260 105 CoNTINuE
)4270 VVRI~ft:(6,71)
04230 7i FO.RMA.T (.///Y)
04290 RETUR3
04300 40
14 3 10 SUB'ROUTJ'1E ou -tPr8 (AL2, ALI ,Hil , R)
)4320 RT'rIE ( 6, 111) AL2, ALI ,Hil, R
04330 111 FORAIAT(/9X, 2iIL2,10X,2iiL1,7X,7HAL2/AL1,8X,IHR,/,9X,2H1N,,10X,2HIai,
04343 Z22X,2H1TN,/,2'{,4E12.4)
04350 R~lp1
01,360 E"
0 437' SU'3ROUTI:4E (JUTPT9 (A3,A6,CO,C2,C6,C3,TO, Y,02,w5,F9,A31,A61)
04380 D1riLNSIO(4 CO(3),Y(50),C2(3),C6(3),C3,3)
04A09 3=1
0 4 il WRf~IL( 6,112)
04410 112 FO01;IATW/,11HOUTPUT DATA,/,I8IIINPLANE V16~RATIONJS,/)
04420 ývkl~It :6, 129)
04-130 129 FORý'AT(gX,6HlL1:AXF,5X,613L2:AXF,5X,1HiJ,2X,7HiLl:B(J) ,5X,7HiL2:8fJ) ,5X,
9~4140 $7HL1:F(j),5X,7F1L,2:F(J))
04 lit WJTT.(6,130)
04460 130 FORMA\T( 11X, 2,'dZ , IX, 2H;1Z 11x, 2f1HZ, 10Y2H IZ,10X, 211EZ,10X, 2HHZ)

0)4 4W 1 31 F0ORt4AT(4P 1.0,2EI2.4,3X,I,EI0.4,3L12.'i,
0 4190 f) =2
041 rJýTT!:;(6,200)A31,A61,J,CO(2) ,C2(2) ,C6(2),'23(2)
04ý2Ir 220 FWAA~T 4 . 33,2EI2.4,3X,I1,E10.4,3E12.4)

04540 113 FOR!ýA"'31X,J1,EI0.4,3E12.4)
0 9 ~ Tar 6', 114)

0 4 5 63 114 ~FCR2-Tf//,23113UT OF PLANE VfIBRATIONS3,/)

f0 A 6 ý FOW/A- iX 5 HTH ETA , 7 X, 5HA L PHA, 8X, 3 WJCF, 8X,5HS -PEeD. 7X, 4HF~fE))

(1 69 8 Ilý ,1 nDSE, 0 9X,21
4 P> 7 5 Z, Y12 0 4 4,2F

0'' I' If 6, 7 2)
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291S ?AR

J~Borx NIISkL To DA)O

04640 72 FORMAT(/,,//.)
04650 RETURN4
046i60 EN D
046''70 SU12h'OUTINE OUTP10(iR,A-'1,AL2,kLi)
04680 W-TT'I(6,115)R,AL1,AL2,AL3

060115 £~tMMA, 9X, 1HR, VX, 2HL,10X, 2HL2,10X, 2HL3,/,8X,HMIN, 10X, 2i1d,
04700 Z10;:,241N, 10X, 2HIN ~/, 2X, 4L12.4)
U4710 R ETURN
04720 END
04730 SUBROUTINE OUTP11(vf43,X4, FM,~IC,,HM1,DL,LL,GL,vv6,C0,C2,C3,C6,C7,C8,X3,
04740 ZG1,D',),U,V, 88,T5,,T3,B9, FL,C9)

0476,0 oIln;,SION B9(1),C9(1)
04770 wi41TT(6,116)
04780 116 FORMAT(1/8X,4tiwqroTr,8X1 3HXTK,9Xý,41IIU1CP,8X.4dioýICF,8X,4Hw1UFF,8X,3HL3A)
04790 'WR1TEI6,132)
04800 132 FORM4AT( 8X, 3H LBS, 8X,S50 B/ IN~,7X, 5H:,td/IN, 7X, 5HL-3/I 1,q7X, 5tiL/ TN 8X,
04810 $2HJN)
04ý120 8vITt(6,58)ý,3,X4,F 4,Gi'IHM,DL
U4830 5$ F;O8MATC2X,6L12.4)
04340 8I,659
04850 59 FCR14AT(/,SX,fIL3B,'x, 3diL1K,3x, 3HL2i(",9X,4H!,3Ei)
04860 WRITE(6,60)
04970 60 FORIAT(8X,'JlfN,10X,2fil4,9X,5HLL3/IN,8X,3HLL3J)

04390 61 FORMAT(2X,4ý12.41)
04900 WR,'rt:"( ,62;
04910 62 FORMAT(//,!.i'iOUT PUT DATA,/, 18HINPLA~t,~ VI3RBVrioNs,/),
04920 ~ iE , 0 X,1OI ),;(2,D~3
04930 119 FORMAT (7X ý61iX'iFQ, 6X, 6HAXF8EQ, 4X, 91L3: FFF( 1) ,3X, 9H L3 FFF(2) '3X,
04940 Z9HtL3:FFF't3) ,/,9X,2Hii'Z40X,2HiliZ,IOX,2HrJZIOX,214'UZ,l0X,2HlZ,/ ,2X,
0 4950 Z5E12.4)
04960 wRIFE.(6,117)
04970 117 FORMAT(/1X,'HJ,4X,9HILI:CPF(J),3X,9HL2:CPF(J),3X,9UlLI:CPA(J),3X,
04983 Z9HL.2,CPA(J) ,3X,90ILI:CFF(J) ,3X,911L2:CFF(.J),/,9Xý,2HHZ,IOX,2IidtZ,1UX,
04990 Z2HH'rZ, 1i)X, 2001,,lOX. 2iiHZ,1UX, 2'H0Z)
05000 DO 127 J=1,3

05020 1!? F OR!A12, 6 U.'A2. 4
ou 127 C ON' I t jI"E

(hr0 WRI'PE{E-420)

05050 120 FORtkT(/,1X,1I!J,lX,14HiL1:L,3FRLQ(1,J),2X,14HLI:L3FRE02(2,,J),2X,

0100 $J 4HL1:L3' FQ( 3,J), 2X,14fIL,2-L3FREQ( 1,J), 2X,I

0 0p D WRIT-(6
0" 9' TL,3 F T9 X, 2 HHZ ,14 X , 2 H RZ 14X, 2PH Z ,14 X, 2H HZ ,14 X, 2 d rZ ,14X, 'H tiZ)

D~O 128 1,

42117- 6 ,121 )J, Uf 1,J) 3,1J ý,)) ,U( 3,J) ,V( I1,f) ,V( 2,J) ,V(3,J)

fil D 12)B34,T
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0515U 122 FORfMAT(//,23diUJf JF PLAWL V v1(ATrI UN,//,U~, SlIL3: 6F,7X, 5lLl:,rE,7X,
05160 25HL2: TE,/.SX, 2: Z, I~OX, 2!1,I OX,1X2Hil~Zu/, 2X, 3L12. 4,//, IX, INJ, 4X,
05170 z7IOi:R(J) 4:(,91Lfl:rPA(J) 3X,,5IJL2:CPA(J) 2X, OULIl:L2i3'(J))
.05180 00 67 J-1, 3

05200 123 FOW-rA'r(1x.,4L12.4)
05210 67 coti ri i ui
1)5 221) -ma rL(6, 30)
U5 23) 3') FOPI1AT(////)
0524') RLTUN~iJ
05250 bki 0
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TABLE B2

LIST CF SYMBOLS

COMPUTER PROGRAM

PRINT OUT DESCRIPTIONS

UNITS

K Pipe Modulus of Elasticity LB/iN, 2

RHO Pipe Density LB/3N.

FRHO Fluid Density U 3

D Pipe Outside D:a.ete: IN.
T Pipe Wall Thickness IN.

N Mode Number
THETA Bend Angle DEG.

L1 , L2 L3  Length of pipe segments IN.
L Total pipe length, L I.2 IN.
I Second Moment of Inertia IN.&

PAREA Pipe Cross-sectional area IN.2

FAREA Flcw Area IN. 2

PVT Pipe Weight LB.
iwr Fluid Weight LB.

TIOT Total *eight, pipe + fluid L3.
ALHA Frequency Factor

NCF Natural Circular Frequency RAD/SEC
FR5Q Natu:11 Frequency HZ

SPFED P'mp Speed RPM

R Bend Radius IN.
CL01 Centerline length IN.

Ll:AXFL2:,\XF Axial frequet:•y, leg 1 and leg 2, HZ
respect ively

Ll:3(),L2-3(T) RenrIn, fre-7,ency, fixe--rinned, mode(I), HZ
leg I and >g 2, ri,ýpecr',rely

Ll:F(I),L2:F(I) Coupled azal-bending frequen.:y, mode(I), RZ
leg 1 and leg 2, respectively

G Acceleratior of gravity INr.C.

Translational npring rate Lm/Bn.
MUC? Weight per unit length, fired-plnned end LB/IN.

conditions

X$C7 Welgght ppr un1r length, fix-d-free

Weight j'er VI~':t letigth, fixd..?ixrd WBIN.
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COMPUTER PROGRAM

PRINT OUT DESCRIPTION UNITS

L3A, L3B Torsional moment arms IN.

LIK, L2K Torsional spring'rare ri,,/IN.

L3EW Crosspipe effective weight LB.,

rTTREQ Translational frequeAcy HZ

AXFREQ Ax4i1 ;.requency HZ

Ll:CPF(I),L2:CPF(I) Bending frequency, fixed-pinned, mode (I), HZ
leg 1 and leg 2, respectively

Ll:CPA(I),L2:CPA(1) Coupled axial-bending frequencymode(I), "z
leg 1 and leg 2, respectively

'.I:CFF(I),L2:CFF(I) Bending frequency, fixed-fee, mode (I), HZ
leg 1 And leg 2, respectively

L3;FFF(J) Bending frequency, fixed-fixed,, mode (J), HZ
leg 3

Ll:L3FREQ(I,3) Coupled frequency, leg 1 and leg 3 HZ

L2:L'FREQ(I,J) Coupled frequency, leg 2 and leg 3 HZ

LL:TF,L2:TF Torsional frequency HZ

L:BF Bend'ing frequency, leg 3 as a concentrated HZ

Wieight

Ll:L2BF(J) Lending frequency, leg 1 and leg 2 as dis- UZ
,tributed weights

BNDF(J) Coupled frequency, leg 3 with legs 1 and 2 HZ
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20IS PAGE IS BST QUALITY m1CTIUBI-A

D~OQX UWJIWSrL;?L TO jDD

STRAIGHT PIPE COMPUTER RUN

TABLE B3

IN PUT DATA
6 D T L k:,1D - ,)

P31I I ;ý 1uJ • 3 b :/ ,

.1500O+L•I .1 00L+01 . )11)L-91 .13?:L+)2 .16 u +j 0 1:4iL-()I

BA- IC DI\T\
I CLL

I:t4 1b',2
.1717L--1 5320.+42 .152q;+,d 1+, l i,+{1 .

.2352L+(01

SN PLA•. -%N! t)) 06 3" PL.3. / 3R 7 L]•'iIO,,

PIPL LLcT,,GPý .53201,+02 Itv

',• i' • r,' -, (IZ) LOAG HFLu. ( })

] ,7577i:,÷ =2 .1370 +, 1
2 2',!. 7 +j,3 .2739) + -I
3 4 :;3L 4.01 4 109 + 01
4 6765t+93 .5479rf t i
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MAGNIFICATION FACTORS

TABLE B3 (CONTINUrD) DO

I:L~ 9 "2 L fiiO
PL'I LN3S/ 16 3 Le6/I113

.1600L+C, • )OO+01 .510CL-U1 .5320L+02 .16OOL+00 .3140L-01

T " L r? , P2 Q2
::Pb P6I Cl3  CI1

q9 u0OL+)2 .23000EL+1 .3000L+94 0. .7700E+01 0.

•,0CLE SKg
R W i

.OfItL +04 .2fI,) ÷02 .1290L-PO4 0.

SC L L p N i.[ .. -? A RE • P A pN IT F .•,T

I:j V l' 2 1.,i2 L~36 B
.1717 - 51 . 5 3 2 0)L+02 *1 5 2)L+O0 .6333L+J0 .1 2 9 4L'+ 0 1 .1056L+01

fVd F r. tVkL
LZ !J li iZ,

.2352'+31 .271.+02 0. .1900L+04 .1216L+02 J.

S2F AO

, 19CkL, 94 .9L+02 .8631E+01

T(T ) 2 IJ. F Y( Iý. ) .- (': ) (HZ)
j. %i O.flO0 0. 0003 1 27.1772

| 3. 1.V) .4J(25 -4.P3 i 2 1( .7U90o
•'~ ~ .••t: . 9 2 7.422G 24 1.511;52

3 .,,W .4525 "4'.,,361 4 434.333j
53. i'w ) . t)I1OJ 5 57 .41311

b 973f j3;iJ•

7 1331 643
8 1739. 3,3G

J 22UI, 3 (7
10 2717.7244
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IBIS PACT IS BtST Qt3A~tT?yr Mt-flCA

ONE ELBOW PIPE C'OMPUTER RUN

TABLE B4

tIdI L i~
P-3 1 Itst:i L t3;3/ Iaj

I.r()Gl+3OP IAQ009L+01 .5I00L-01 ..545iUL+O2 *1600L+'JO JI1'OL-01

L2 Ll AL2/zXL1 R

.72 5L,+02 .2725ct+!ý.2 * 13100r+O1 I 300(L~+o1

CIf P% U, F?\RLA P
1;,4 ,4 I 1 ' *2 lf2 - LS6i

17 17?L-3 I t.2& +2 1520L.+00 .63 3 31.+-)f) 1326iL+() Iuh',4t.+(JI

.24 10+' I1

I N'PLA: i. %.I IAI2

I o .111.3 8 51 2L+3 3 1 .264dh+03 .¾r)3L%+G3 . 2 5 23tL+03 . .§/1t)+Ui
.33 1 ýl)'2L+:)4 .1 101BL+04 2 .ý,53%j+03 . Il51)7 .-'+03 .604")L+03 *6 0431L -,03

3 .I7LP3L+04 .17ThJr+t4 .7665L~+03 .7665L.+03I

J~Z
90*)+ 1 5,) 2 t+2 *26~25t+03 .270!,35L+03 .4 17 83L+02
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012 ?103 IS BST 4UALTY MMc1-zcA

TWO E1LBOW PIPE COMPUTER RUN

TABLE DS

rNpuT OKAh

PSI IN4 LEIi'/13 L~3 ý/1 3

1600E~+08 .XUOOE+o1 '.5100L-O1 *545UL+02 16uubL+uo~ .314'%)L-01

R L L2!,
ININ 11ii4

.3000E+01 .1830L+01. *)A830L+0-2 *~~-

I CLL PA R 0.. FAL P~

1N4 114112 11.2 Lý

..17ME-91 .5232E+02 .1520u+00 .6333LeýOC .1326k;+Ol ]h4O

wT(Yr XT Y, h6JP ~ UL. AUFL' L3N\

LBS WBIN LB/h' TN/I 1,01V lif/3v 1

.2410E1-01 1076E+03 .i647iý-01 .i110SE-0i ..1G58L-o1 .9150L+01

L3n L1l< L.2K L

IN IN (J3/lN LBS

.9ISOE+Oi 61345E+03 .1345E+03 .BO91FL+On
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SYS PA1GE IS BEST QUALITY PR&CTtC.&AL
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APPENDIX C I
DERIVATION OF EQUATIONS

HYDRAULIC LINE XECHANICAL RESPONSE COMPUTER PROGRAM

Cl. ONE-ELBOW PIPE, OUT-OF-PLANE, VIBRATIONS

AnaS ysis determines the fundamental out-of-plane frequency of a one-

elbc-; pipe with ends fixed. A force, F, is applied at the elbow normal to

the plane defined by the centerlines of the pipes. The force then causes a

downward deflection of the elbow. A free-body diagram in Figure C-l shoW

thata single bend pipe can be split into two cantilever pipes with the

appropriate forces and cancelling moments. These are depicted for leg 1

and the reverse would be applicable to leg 2 by use of different subscripts.

There are threc conditions to be considered:

0 torsional rotation due to a moment"TL
eTw TL (C-1)

where 0 is the angle of rotation, radians

T is the torsional moment, in - lbs

L is the pipe length under torsion, in.

GJ is the pipe torsional rigidity, lb-in.

o rotations due to a force and due to a moment applied at the

free end
FL-

(C-2)

MdL
(C-3)

where H is the bending moment, in-lbs

0 deflections due to a force and due to a moment applied at the

free end
3

6FL (C-4)
F3EL
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..............

C-5

where 6 is the deflec•tion, inches.

For compatibility of end ratations, the geaeral relationship for the

pipe legs defined by lengths L1 and L2 is

+' 104a 6 C-6

Consequently the expressions for each leg is obtained by substituting

equations C-1 thru C-3 with appropriate subscripts.

For leg 1, C I ML +,Lc-7

MzLI W144 F& ft-
For leg 2 - + -i =

Solving equations C-7 and C-8 for MI and M2, respectively.

____ [_____I _ C-9

FZLI]

For co •.atibility of end def1lections, the net deflection for leg !
must equal. that icr leg 2.,

Thus,
1'• F',L• ML• -l

Me I C-11
3E I EIg

6:d.E - -C-12

3EIZ .Iz

Considering that there is no change in physical characteriptics from

one leg to another, the second moment of inertia for both legs are the same,

and the polar inertia for a c.rcular cross-section pipe is twice that of the

second moment of inertia. By substituting equations C-9 and C-IO into C-l1

and C-12 respectively, the expression for the deflections are

i!1
SAC-13
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6Frt 3/4 C-14

Solving equations C-13 and C-14 for the components of O. applied

force res,Ats in

S [,_ c-15

Noting that the applied force is defined as

F:= F, 4 FL c-l7
The deflection due to the applied force can be written as

S____ _,3E C-18

OIL.

A simplification is made by setting the ratio of leg lengths to be unity

which means that each leg length is equal to half of the total pipe centerline

length. In addition, by assuming the bending rigidity to be approximately

equal to the torsional rigidity, equation C-18 reduces to

C-19

It is interesting to note that Reference (c) indicates that the maximum

deflection of a pinned-pinned beam with uniform weight dietribution is,

identical to equation C-19.

The spring rate of the single bend pipe is defined by the inverse of

equation C-19 or

-P E) C-20

The natural frequency of a system is given by:

"( C-1
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where K is the spring rate, lb/in.

g is the acceleration of gravity, 386 in/sec 2

We is the effective weight, lbs.

f is the natural frequency, Hz.

The next step is to determiLe the effective weight of a one-elbow pipe.

It would be reasonable to assume that the effective weight is the average of

the effective weights of a cantilever pipe (Wec) and that of a pipe with

fixed ends (Wet).

To determine these effective weights the expressions for the respective

deflection for the cantilever beam is given as a quarter sine wave

~ C-22

where yo is the maximum deflection

x is the distance measured along the beam from the fixed end

L is the length of the cantilever beam.

The effective weight is obtaiied by evaluating the following integral

•X C-23

Applied to the cantilever beam results in
I L

: _wL~-Ju

Similarly, Reference Cl defines the defleztion of a fixed-fixed beam
• A cnsone wave4

and the effective weight is determined by suhstittrting equation C-25 into
C-C23.
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LL

%A -

ALL 0

L_+

4L

Consequently the effective weight for the one-elbow pipe with equal

length legs is

W ee_ W+ W• ~•+,l_ e = :0.303 W c-27

w a

substituting equationsC-20 andC-27 intoC-21 , thbi fundamental natural

frequency is

fi '4'fE~( ~-~ ~C-28

where the frequency factor . ......... t)U, (90-deg bend

angle),

axnd the remaining parameters are identical to those used In

beam theory.
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To define' the fundamental freqiter- variation as a function of the, bend

angle, the special case of equil leg lengths provides the lower boundary of

the frequency factors and in turn similarly affect the natural frequency.

Thus for the case of a zero bend angle, shown in Figure C-2, the natural

frequency is obtained from Reference Cl. for a dual cantilever pipe.

-...- C-29z =~

where the frequency factor o = 14. 1 (zero-deg bend angle).

Similarly, for a 180-deg bend angle (a straight pipe with fixed ends)

the Erequency factor of 22.4 is obtained directly from Reference Cl.

The upper frequency fa'tor boundary is defined by having the ratio of

L /L - 0 which means again a etraight pipe with a 22.4 frequency factor.
2 1

Thus with the limits established the intermediate values can be estimated.

The results are summarized in Figure C-3. The computer program based

on the above analysis is shown. in Appendix B.

~SEND ANGLE 9&

RFRENENCY FACTOA 15.9

.4

FIBURE C-2. OND-ELBOW PIPE OUT-OF-PlANE VIBRATIONS

EFFFr 0" BFATOD AN1LFB L2/ANL ,, 1.0J!
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24-r
L2 /L1  .

0 L20

C 25

2020 Li
u. 0.5C5

C f=

18 -

16 
S v."n Oescription Units

f Frequency Hz.
E Modulus of elasticity Psi
I Second inert~a in.

4

W I I L IW Weight, pipe + fluid lb

0 30 60 90 120 150 180 2 in.

Pipe Bend Angle, 0 - deg arro-e

FIGURE .-- 3 FUNDAMENTAL OUT-OF-PLaNE FREQUENCY P;PE WITH A BEND

C2. TWO-ELBOW PIPE V1LRATIONS

Ca. Torsional Mode - This mode is an out-of-plane rocking motion of the

crosspipe, Figure C-4, caused by the bending of thea other two legs. Thus,

the deflections& and &5 are defined asIZ 3
•Z C( : F.-L1  C-30

3E3.

The corresponding spring rates for each leg are as follows

- -LZK --- c31,C-32

considerJ:rg the effective weight to be

MUCF = 0.25* RHO * PAREA + FRHO *FAREA C-33
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C,

". %. . - • L

AK."

FIGURE C-4. HYDRAULIC LINE MEC1MNiCAL RESPONSE
TWO-ELBOW rIPE.TORFTON MODE

The natural frequencies due to torsional mode are

LI:TK. ,C-34

LZ.TK I =--_ C-35

Cb. Crosspipe Translation - This mode is an Inplane motion of the crosspipe

as depicted in Figure C-5. Neglectin6 d~formations duq to tension and

compression in the members, and considering only berding, sectirin AB

is bent by two moments of equal magnitude but in opposite direction.
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The total deflectionS, is composec of the deflection due to bending of

legs L, and L2, and the deflection due to rotation at joints A and B.

Thus,

0 -+ <L" -a L:5 C-3913E• (6 .E 1 14 I-./L,)

"The corresponding spring rate is given by

XTK- 6E1(I+ C-40

For the special case of equal leg lengths, L = LI L2 - L 3 , the i.pring

rate becomes
izEl

X-TK L-3C-

Considering the effectiveweight of the system to be defined by

XTWE- 0.25* (RHO*PAREA+FRIO*FAREA)W(LI+L 2 + 2 * L3 ) C-42

The natural frequency is determined by substituting C-40orC-41 , and C-42

into

C-43XT]R-•: RE

Cl. R. J. Roark, POP17AS FOR STR..ES AND S'RAIN, McCr•.w-dHIII, 1965.
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APPENDIX D

F-15 PUMP MODEL CHANCES

HYTRAN User Manual (AFAPL-TR-76-43, Vol. 1)

CARD N•MLBR 4

COLUMN FOWMATI DATA DfMENS IONS

- . Theoretical Maxinmum Pump Displacement IN**3/REV

11-20 E1O.OJ Maximum Actuator Displacement @ Maximum Flcw IN

21-30 MiOO Niniimum Actuator Displacement @ Minimum Pump I
________Flow ( I-... ___________ IN

31•40 EIt).0 Flat Depth IN

41-50 F.0, Minimum Actuator Engagement

51-b0 F1i).) Coefficient of Pump Leakage CIS/PSI

61-70 Coefficient of' Leakage from Case to Inlet CIS/PSI

71-80 EO.0 Case Volume IN**3

ExA1iPLE CARD~
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PUMP 51 SUBROUTINE LISIINC

SU3R0UTINE PUMP51 IDPDT*CDPL)
C ***REVISED MARCH Z5, 1976 ****

C ~X VERSION YF THE YPUM¶P54 JU5RqYOTJt4 ? A PR476
COMMON N ELPLNT 1LPhpZPv#IP II4TN'TSoIKEI. KNLt. ,TcJPLPNLPLT (61lbl

PLTms 4m P t 0"" P fNZN , %Q 3; )C3'
COViUCM~ ,ARC~~P !Z, VPS'

ATPR~lvPV>P#T DI PVTR~~ SAMDI~,C b 1'.C~A GA, 11 N

I A CI1PPZ PM 113IPD[SACIP4 -SLP#D ,P 0vPAs

6p OiNLETIZSIOOTLTDIZ6I, ITULPIZ71^. TIPI2U1/,fJLKCIT/,PPC&SEI3'

C; .y E *! ~002O,30
DAoo DPV AtH Tapf1AR91 15017VLOL6l

2O 30117l t1 l .43# 1 S 11

C OATA--~8 T 0

PACT~?/PP TL/t 9PIIT b l' I
0 AL91* E?'S/2 v T~f 1 U-M.322/DEL 3 2/p L D

IFýK

C S FORAT 1009

DTI o L .( liJ



PUMP 51 SUBROUTINE LISTIN~G (Cont.) THIlS po IS BtST QUAL17Y PRACTIUMA4
F"~ OUry FUKA1SkLD TO DDC -

D(PDSPRPI)a(DifPtSPAl)-D(T,'ZSPi4))/D(OTSAMi)

C*** S £ 1' 41 ~ O~ C J , E F3ARCTERISVTCS,
c~~~ of f"4 C~UT P~tSSJýE VEP.SLJS PLOW.

CT

1260 OT QA -g~f 77' sa
:WDPZPM~4DfP7 RPI*DT(PRPM))$JT(BULKO)/Ob(POUTLT)

rF{~4C. C~ ~)GOTO 1250

DT(OI ý, Th-bD)ISiP) DT( PQPM OD( DISAMJ-OT(POUTPM)*Dt.^EPLK)I
or(01i u'L,)*-( (DcnEPLK)).DT(PaUTLrI-DT(QAcre)
OT(Ot-. P? NDT(OD~UTLT)/OTO!INLI~t -')T(QUUTLT~)

O7(PMX UP 3.1.-GAINRE TURN

STEADY STATE CALCUJLA1I11N SECTT0O4
M~oCWIPNý4T fs(ýFL-COMFCTIONU S PIME-LuG 9

TEINLET IS A MJDAL POIN7 14 T HE SYStFM
C15i)9 XFfKNFL-?)151Dp153Mp1520

1520 F(7 ~ GO TO 17040

Q~r' , xýI'TDSYLV*ITrQACTC)-OT(CATll))+DT(QACTU)

p"'G .61 ,co rj InI )

PP ~ ~ ~"L~tl r CS3*QCASDR**2)

113 Z r p n

i li ý0 `-T)DTDF")EP13)
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2HIS PAGI IS BIEST QUALITY FX&MTCAULI

pUI)¶p 3-A. SUBROUTINE LISYING (Gout.),

je00 FRMAT15*46OCk'4 sLPmFL ERROR OFTECTED IN COMPONPEN4T 40
I15#14H C0144 1 NO , 5,74 LEG NO ,5
WRI'EtM,43)

943 FORAIM ~OX,33HPROGRAM STU,' IN SUB8ROUTINE PUlP21J

STC01 6054
C *** 2CQl SFCTION

T(OACTIO- a1'(D IS VtI*(T I ACT )-0T(QACTu))*oT(0ACTU)
lT(0ACTC Jw).3

GO TO 1270

t ** 3010O SECTION
30-&C CONTIHUF

C ~ ALCULATE (RANSIENT RESPONSE OF PUMP

L&T.VFL4t'T)

DPDMtPOD _ ACTI ;IDPDANP+OIINERT)

DTI At l, r )fh..

1 i~t (ft ff. j )

TQi

T A

1' FA + ý R n r t
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PUMP biSunt4O1TINE LISTING (Cant.)

3210 DIS-(DT(POUTLT)-POUTMI)*O(14PPSI)
DX 5.015/ (QFLOFqC*).(0T(POUT TI.T-OT( PACTU)I1.1oD
T ~flIsGT.O(DlSVMl)DrOSsD(D0 IV4)

3215 FIP, ~ER EQ C gl~i T2 32J.6
ODNA- 1061§5 ,ICzJ 4I / *COELKA)

CONSa *ABS(flT(POUYLTI-DT(PPCASE))*COFLKAICONA

WPIA, 6#9)C AONS.UE LKA, OTAPC ASE ), DT(CO E VI),DT( POLJTLT)
997 FgPMAT( ;xfaEl 2.5)
3216 ONTINUF

A;VlS5* JT( CEV 1)
0T QAC TU B# ***2/ 2..A/2,*SORT((A*B)**24.4*(t)T(POLITLTJ-0PIJ)

IF(A8S I POUT-OT(POUTLT))hLT O0.O1 GO TO 3230
DT(POUTLT)*DT(POUTL L)*DT MI UPWePOUT*DT(lTUP)fCOUNTaiUOUNT.1!Cli4

9984 IQRITE(6,9V6)DT(POUTtT),TPaUTPOUJTMXDPOUTMI
IF(TCOUNT9EQ*25)GO TO 323)

999 FORMAT(IOXPI~NEXCEEOED TTRP1101~
GO TO 3210

FLOW FROM ACTUATOR PISTON TO CASE
C
3220 POUTMID(DPVACJ+DT (PPCASE

TF(POiJTMX.GE*P0UT~i I GO T3 3e00
Qj~m(OUT~rpaurm)*D~ 4PPS!A,D SDI~((D(PATU)DTPPCAS.J)*)fFLOFRC3+l.O)

rF IOIS*GT*D()ISVM) )OIS-D(DYSVMI
3226 CflNTINVUCEVZADIS*OTCEZ

DT(QAC TC)w.-B*A**2/2 +A/? *SRT((A*,81**2+4~*qpz)
DTtPACTU); t PCA Ei.tOTfQACTC)lA)**2

3230 ?FfP'-WERe Eo .0) H TO 3250
C
C TEST Pr!TOA4 DISPLACEMENT A6AINST MAXIMUM STROKE

C QACTLKa(DT(PACTU)-OT(PPCASF) )*COELKA
gN CT K;TATU j?'fK Q iACTC )-I DT( PACTU)-,PACTUOI*DT(BULKAI

OT(D~S *C?) J9 ' SA~i CTJýI g7' ý00 ONTff FL ACT) [1 , OLT
CALL XL TMIt 11S( a VL IPO1#6D AM)tO(DISAW?

j~PqfF *0WGf3 GO T.1

3240~ N1 I h10 GO TO 3!40

320 T DPi fý' TPPCASE)~D(AT3CEK

o A c IT~fT(P&E L CCCI' u

LT)LV -- TP(AEI PifCL-rgK

Q(!,7 e f -..rl1,4c ul- i)f 71T)7 POUT 0,1 V
OT iD IS D0v IDT PG, i T T~vCAýE-Dl:",!A) D.M~-i
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PUMP 51 SUBROUTINE LISTING (Cojnt.)

DT(POUT~ n'C(LZ)-Q(L2J*Z(L2)
p (L)*D(VOUTLt)

OiASý!Ra~PRAK.OACTLK*DT(QACTC3-D( ARACT)*DT(VELACT),-QCASIN-OUS14*2.

A*L3UC L3 + jO( LK 31

OT PPCAS E)a2.*D (PCA E)-Dr(PPCASE)
C POVER&**QtLZ) I*(PIL2)-PfLl))/6b0*.)

RTUR~N
3310 FORMATC2XP36H**4****** PUMP CAVITATION ONSET AT To *F12*59

8iXPHCGMP NO.. T5)
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APPENDIX E

VANE PUMP MODELS

'.SFR USER MANUAL (AFAPL-TR--76-43, VOL. III)

2.3.10 Pumps (Variable Displacement, Vane)

When a pump model is used, it should always be the first element in the system

and identified as an NTYPE "9" element. This number is the general pump element

designator. To specify the vane pump model a KTYPE "15" must be entered in columns

6-10 of the first pump data card.

The complete vane pump model (SUBROUTINE VPUMP) is based on actual physical

dimensional data of the pump. Physical data for a given pump is read into the

element data list in the same manner as for the other system elements.

Input data for the complete vane pump model requires two data cards. In

addition, a BLOCK DATA section must be leoaed after the "ENP" statement of

the main SFR program to provide other vane pLi parameters. Required card input

data is described in' the following tables.

Input data for the vane pump model must include a description of the system

pressure drop characteristics. The following generalized equation for system flow

and pressure is used in the model:

AP = CKl + CKL * Q + CKT * Q ** 1.75 + CKV * Q**2

Where

AP = Vane stage pressure rise + reservoir pressure

Q = Pump overboard flow (CIS)

CKI, CKL, CKT, CKV = System coefficients described on input data cards

The data cards are supplemented by the use of a BLOCK DATA attached to the

end of the main HSrR program. The BLOCK DATA initializes arrays providing cam position

versus pump flow and t1he rate of change in vane bucket volume versus rotation angle.

A listfitg of BLOPK DATA is shourn in Fgigire 2-6. The arrays in BLOCK DATA are:
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CAMP() , Cam rosition (IN)

CQMAX( ) - Max flow at cam position (CIR)

ANGLE( ) - Vane angle rotatioa (DEG)

DVOM% dVlm at vane angle (IN**3/SEC)
dt

NA(l) - Number of input DVOL at each cam setting

NA(2) - Number of different cam settings (The cam settings P•ce stored at the

end of the ANGLE( ) array)

CAMPI( )- Inverse of CAMP() array

CQMAXI( ) " Inverse of CQMAX( ) array

I



VANE PUMP MODEL INPUT DATA

LARD NlYi6ER.

COLURN4 FOiRMATI DATA DMNIN

1- 115 NTYPE -- 9 IESOS
6-10 { 5 KI7YPE -15 (VANE PUMP)L

11-20 EI0.O fBLANKf

21-30 E1O.O SLOTWO (CAM SLOT WIDTH-OUTLET) I IN

31-40 E10.0 COEPLK (COEFFICIENT OF PUMP LEAKAGE) Cis/PSi

41-50 IEIO.O 7HPRS (VANE PRESSURE SLOT START ANGLEF) DEG

5-0 EI0.0 THPRE (VANE PRESSURE SLOT END ANGLE)DE

61-70 1EIO.O ITHSUCS (VANE SUCTION SLOT STrART ANGLE 2-7 DEC

71-80 E1O.o THSUCE (VANE SUCTION ENT) ANGLE)DE

EXAMPLE CARD
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VANE PUMP MODEL INPUT DATA

CARL) NUIMER 2

COLUMN FORMATI DATA DIMENSIONS

1-10 E1O.O LPRESS (INLET PRESSURE) PSI

11-20 EIO.0 SZCAM (INITIAL ZCAM POSITION) IN

21-30 E1O.O VVOL (MAXIMUM VANE VOLUNME) IN 3

31-40 EIO.O PQOVBD (OVERBOARD FLOW) CIS

41-50 EIO.O CKI (SYSTEM CONSTANT PRESSURE RISE) PSI

51-60 E10.O CKL (SYSTEM LtAMINAR TERM) PSI/CIS

61-70 EIO.0 I CKT (SYSTEM TURBULENT TERM) PSI/CTS**1.75

71-80 EIO.0 CKV (IETEP ING VALVE TERM) PS I/CIS**2

EXAMPLE CARD

''1
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BU..CK DATA SAES S 1M1

C ** MAY 1,Q~ **

+ ,CAtiPTill1vC2MAXIf Lu

DATA C*~/ M

DATA COMAX[II.,.1375,.e6587,.4675, .33?5,.Z25,.I37'. 0*3. .t03?5#
+ *Cl.e7p,*0
DATA 91L/.5,~,5,t~,2.3.4. 0

2#005P.07/

lo:?? 50 Be9ot(o,'%50 O,'5 ),55L~

4P-4040'4jtlt.

DATA N AIZ?, 3/

FIGURE 2-6

VANE MT1 BLOCK DA.TA INITIALIZATION
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THPRS

Outlet

Vane Rputtion

THPRE

THSUICS

Inlet -

THSUCETU -

FIGURE 2-7
VANE PUMP CAM BLOCK PARAMETERS
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APPEND!IX f (CANT.)I

HSFR TECHNICAL. MANUAL (Aj-AL-TR-16-4-1. VOL. TV)

1-8 bLOCK OATA MAIN PRUCTIAM

BLOCK T)ATA is used to initialize values in W~elt. COPM1ON/VANF/. The

lobelie C0M'40N is used to pans tha iinitiplized data to the VANE PUMP

cWUTR)~INF.

T'.- arrays In COýNON/VANE/arej

1-t4P( ) Camn pos.it ion (IN)

CýiAY( Max flow at'cam pooition (CIP)

ANGLE.( ) V~ine angle rotntion TPEC)

W1C.( dVK;umn' ~at vant- ý.nglc (J**3,fSFCŽ

NACI) Number of W.pmt rVOL at cach cam Woting

NA(2) Humher of afoccrnt cam s~rttngs (The cam settIngs

aie s~toe- a, the "'id or the ANGM( array)

CA.MPI( ) Inver:;e of CAmP( )array

CQMAXI( ) nverse of CQMAX( )array
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3.8.1 BLOCK DATA -LISTING

RnKDAT4
* o 9* AY IC1Ctl7ý

O)ATA CA~4 I/oO~.C7Pý,P.O765,,C?3,.O69,.L62,.C5L,.O415,.O27v

Oai ,AM01/0.C.O14,.O)27.v415,o.t53,.Oe,2,.469,.O73,9.o765p
DA iQ~AA

DATA AVJ /. .,O,5,0,2 ".4.5OC,3 70 P.,0

601 ~4

M24.0 3 1p ', 4 r I 1 1

ISIS
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APPENDIX E (CONT.)

HSFR TECHNICAL MANUAL (AFAPL-TR-76-43, VOL. IV)

4.15 VANE PU`MP SUBROUTINE

4.15A In-roducliut, and Flow Diagram

SUBROUTINE VPUMP is a general, detailed model of a balanced variable dis-

placement vane pump. The model computes the ability of the pump to deliver flow

against an output pressure by modeling the nonlinear relationship between pump

output flow and pressure ix the time domain. The main program calculates the

harmonic load impedance of the circuit, anI this provides the linear phase and

gain relationship ;tetween the haroxiiic flows into the load and the corresponding

pressure6 across the load, in the frequency domain. The balance is obtained in the

time domain, although a check is performed in the frequency domain.

The vane pump model accounts for valving areas, precompression, steady state

cam position, fluid bulk modulu.s, pump internal leakage, circuit termination flow

and vane motion. Steady state cam position is calculated as a func-

tion of pump internal leakage, circuit overboard f[.ow, and pump speed. If the

cam position is a minimium corresponding to maximum pump flow, the steady state

pressur-ý is calculated at each RPM. The dynamai's of the cam controlling circuit are

not included in the model.

Vane bucket pressure at the beginning of precompression is assumed constant

and equal to one plus the input steady state 'inlet pressure. Piston pressure is

then computed continuously until the end of the compression stage.
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Figure 4-6 is a general flow chart of the VPUMP subroutine. The specifination

section includes initialization of variables from input data, and the calculation

of several constants. Specification statements ara followed by the initialization

of pump variables from the input data and calculates the vane indexing positions

for 180* of vane revolution. These operations are performed only once, when VPUMP

is called on the first pump speed. Steady state pump outlet pressure and over-

board flow for a cam position are then calculated. The subroutine will next

determine if the pump is on control at the given RPH and assign a value to the

control indicator - ICTL. After this is accomplished the precompression pressures

are computed. Pump outlet flow is calculated foi each incremental bucket volume

and then a Fourier Analysis is done of the :esulting computed forms. If the

pump is on contrcl, the corrected cam position is determined., The Fourier

Analysis is completed to calculate harmonic flows up through the user input harmonic.

Harmonic pressure and flow are then balanced dynamically by reconstructing the time

dependent output pressure and recomputing flow from Section 4. Pump outlet

flow and pressure for the harmonic of intereat are then returned to the main program.

The VPUMP subroutine is divided into seven sections. Lu'h section is

discussed and a listing provided in subsequent paragraphs.
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FROM MAIN PROGRAM

Call Arguments
* Pump Start Speed (WSTART)
* Pimp Speed for Current Calculation (Y)
a Outlet Load Impedance for Each~ Harmonic (ZIP)
0 Harmonic of Interest (NHARM,
* Steady State Flow Rate (PQOVBD)
* Steadyi State Ou~tput Pressure (PRESS)
0 Pump Speed Increment (WINC)
* No. of Vanes IPISTNO)
0 Inlet Load Impedance for Each Harmonic (ZAP)

Soecificatiun Statmnts

Intilie cum Sapabeedrm nu

-eto<1 Comuec VaSn Index sirn

adOebor Flmp fo. iae Caom Ipouto

Scin3, Test iU Pump
ison Control

FLEAK QMAX -OOBD]

Ne o Cnrol -nreso

FIGURE~ 4-6
H$FR VANE PUM P

Su)nuitroe Fiowv Chirt
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10

Section 4 - Corr.'ute Pump
Outlet Flow

Section 5 -Perform Fourier
Analysis of Outiat Flow

CekfrDynamic Balancing

.Se~o 7 R Cotr TLm Rae en omut

PluaeHarmonric Outlet Flowsur

UP lhowq Harnir.o ntr-

Up thicughHr)i~c of itrs
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4.15.1.1 ',ariable Names - Variable names unique tu rhe PLUWJ aubz%.i'ine are

listed below. Commors r-.iableS are discussed in the main program paragraph

3.1.6.1

SYMBOL DESCRIPTION UNITS

AINC Incremental shaft rotation angle DEGREES

AN Temporary variable.

BU-LP Bulk modulus during precompression PSI

C Temporary variable used in Fourier calculation

CAVOL Fiston cavitation volume IN**3

CKL System laminar coefficient PSI/CIS

CKT System turbulent coefficieut PSI/CIS**l.75

CKV Metering valve coefficient PSI/CIS**2.

CKI System constant pressure rise PSI

COEF Temporary variable used 'in Fourier calculation -

COEPLK Coefficient of pump leakage CIS/PSI

CORR Dummy variable

Cl Temporary variable used in Fourier calculation -

DANG Incremental shaft rotation angle used in precompression
calculation RAD

DELVOL Change in vane bucket volume for rotation through
DANG IN**3

DLEAK Leakage from one vane during rotation through
incremer.tal angle (DANG) IN**3

DPRESP Pressure change in cylinder during precompression PSI

liT Increme,±ntal time for rotation through incremental'
angle (DANG) SEC

UTERM Temporary variable

DT-LETA Temporary variable

DV Incremental vane volumes for rotation through (DANG) IN
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SYMBOL DESCRIPTION UNITS

DVDT Change in vane volume per unit time CIS

D9CAM Delta cam position IN

ETA(J) Percentage error between predicted and resulting Jth
harmonic pressure

FNTZ Temporary variable used in Fourier analysis

th tFQl(I.KK) Complex output flow of the I harmonic, for the KKth
test, from Fourier analysis CIS

FQl(KK,l) Complex flow for the next harmonic, KKN, equals the CIS
last Fourier flow for the next harmonic, calculated
from the final KU-4 test balanced flow from the last
harmonic-FQl(KKN,l) - FQl(KKN,.3)

FQII(-,-) Complex inlet flow CIS

HPRESS Pump outlet steady state pressure PSI

i Integer counter

ICTL Pump control indicator (1 - on control, 0 off control) -

IERR Error indicator

IFL Integer councer for number of steady state balance
loop iterations

ITFi Integer indicator

ITER, Il, Integer counters
13 ,J

KY, Integer counter for dynamic balancing test

KKN Order of harmonic (1, 2, 3, --- )

LEAK Constant for piston lap leakage CIS/PSI

LKI - LK8 Temporary variables used in flow calculations

LPRESS Input data-steady state inlet pressure PSI

LPRFSP Piston pressure in preccmr~pression calculation PSI

LVOL Piston volume in precorpression calculation IN**3

M, N Integer counters

NAPP Number of active pistons pumping

NAPS Number of active pi.tons sucking
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SY!•OLL DESCRIPTION UNITS

NDEGI Integer counter for stepping cyl:nder rotation 1/4 -

degree increments, beginning with NDEG-l

NHARM Integer form of WHARM

NK2 Index position of vane bucket during flow calculation -

NPRSOP Index position when vane slot starts to open
to pressure slot I

NPROP Index position when vane slot is fully open
to pressure slot

NPRSCL Index position when vane slot starts to close
to pressure slot

NPRCL Index position when vane slot is fully closed
to pressure slot

NSUSOP Index position when vane slot starts to open
to suction slot

NSUOP Index position when vane slot is fully open
to suction slot

1SUSCL Index position when vane slot starts to close
to suction slot

NSUCL Index position when vane slot is fully closed
to suction slot

NSTEPP Number of steps in precompression calculation -

NVANG Number of steps in one bucket

ORF Orifice coefficient of valve IN**2/SEC/LB**.5

PISTNO Number of pumping vanes

PP(), Internal pressure in pistons 1, 2, 3, or 4 at
PPI( ) a given index position PSI

PISPR Bucket pressure PSI

PPN(l) Magnitude of the I harmonic peak pressure PSI

PLEAK Leakage out of bucket CIS/PSI

thPP(TI) Phase angle of the IT harmonic peak pressure RAD

PPT( Tipe dependent amplitude of pump output pressure for PSI

each rotation index postirlon during output cycle

PQwVnD Total overboard state iea from maln prnaram CIS

Pq1(T,KK) Complax o utpnt tevt pr of~e O• the ITh harmonic,
for the K:•th teir In chaancling PSI
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SYMBOL DESCRIPTION UNITS

PQII(I,KK) Complex inlet test pressure of the Ith harmonic PSI

PRESS Input data for steady state pump output pressure PSI

QERR Steady state flow error
cis

QMAX Maximum flow capability at cam position CIS

QOUT Flow out of bucket CIS

QOVBD Overboard flow for steady state CIS

QQFC(I) COSINE peak amplitude of pump output tinlet) flow
trom Fourier analysis for Ito harmonic CIS

QQFS(I) SINE amplitude'of pump output (inlet) -low frcm
Fourier analysis for Ith harmonic CIS

QQr(N) Time dependent output flow from pump CIS

Ql, Q2 Temporary variables

RTHETA Temporary variable in area calculation

S Temporary variable in Fourier analysis

SLEAK Leakage into bucket CIS/PSI

SLOTWO Slot width of outlet IN

S9CAM Input cam position IN

TERM Temporary variable

THPRS Input data cam pressure slot start angle DEG

THPRE Input data cam pressure slot end angle DEG

THSUCS Input data cam suction slot start angle DEG

THSUCE Input data cam suction slot end angle DEG

THETA Angular position of vane centerline DEC

THEOLD Last Angular position of vane centerline DEG

TQMAX Temporary variable

UO,Ul,U2, Th-~nporary variables used in Fourier analysis
U3
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SYMBOL DESCRIPTION UNITS

VA Bucket volume at a given index position IN**3

VAREA Cylinder slot flow area at each index position,

0-360 in 1/20 increments IN**2

VVOL Maximum vane volume IN**3

WINC Input data pump speed increment RPM

W ,iarmonic frequency (same as A in inain program) HAD!SEC

WSTART Input data first pump speed calculation point RPM

XA( ) XA(1) = vane angle DEG
XA(2) = cam position IN

Y Current calculation pump speed (same as W in
main program) RPM

ZO Pump shunt impedance for Ith harmonic PSI/CIS

ZIP( ) Complex impedance of load on pump outlet for
each harmonic PSI/CIS

ZAP( ) Complex impedance of load on pump inlet for
each harmonic PSI/CIS

KCAM Cam position IN
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4.15.1.2 Specifications anid Initialization -Listing

SUBROUTINE WPU4P (WS TART# Yo Z I PNHARIP POVqDo PR ESSWINC PI STMO,
*ZAP)

C
C ***CFCO VANE PUMP MODEL 1*4* AY 8o1Q78

C $VARIABLE TYPES, DIMENSIONS, COMMONALITY*
C

REAL LPRESSPLPRESPLVOL LEt.KLKlLK2,LK3, 1K4,LKSLK6,LKI?,LK8
COMPLEX BETAG, PQ, 1,10,ZIP, ZAP, '3, FQl, #
COMMON BETAo.GPo0,Z, XEE PRE RpBE Is BERPPSE IPo RHOP RLLK*VOL* WpVISCv OAR
lMvPIo, IELNFLKTYPE(40J
COMMON IVA$ýE/CAMP'll),COMAX(II) ,ANGLF;30),OVOL(8lINA(2)
* CAP4PI(11)PCOMAX I(11)
DIME14SION G(2,2,4OkgPARM(8o40),P(4O)sQ(4O)oZ(40),XA(2),DV(9lI
DIMENSION OOT(91 ),PPT(91 ),QQ-C(II),Q0F-S.(11 ),PPM(I1) vPPP(I1)
DIMFMSION ZIP(10),ZAP(10), P'.tPR(I400)
DIMENSION FQ1(10*3),PQI (l0o3lpETA~lO)
DATA RISPR/1-t00*Ce0/

S*INITIALIZE VARIABLES FROM INPUT DATA OR MAIN PROGRAP*
C

fFfY.NF.WStAQTf GO TO 140
TERMaPARM(1, 1)
SI tT WOa PLRM( 2,1)
COEPLKaPAP4( 391)
THPRSuPARM( 4, i
THPIRExPARM( 5,1)
THSUCSoPARM(6, 1)
Tp4SUCEvPA94(?,11
L PR ESSwPARMC 1.NFL ~1)
SZCAMwPARM( ?,NFL 41)
VV0LmPARM(3pNEI4K)
PQOV5DmPARMt4vNFL41)
CK~ UPARM'5.NFLt1)
CKLuPikRM(6o,NEL.1)
CKT&PARM( 7oNELl 1)
CKVsPARM(SPNEL 41)
ICAPO0.0
IF(SiC AMsGT 0.0) ZCAMwrZCAM
NAPP*(90-THP'RE-THPRS) /PISTNO41
NAPSu(9O-THSUCE-TI4SUCS) /Pi'TNO41
Q1210.
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4.15.2 Section I - Compute Valve Index Positions

Figure 4-7 illustrates modeling parameters for a vane pump. Section I

calculatei the angula. increment based on the number of vanes to produce

720 divisions per 180 degrees of revolution. In addition, the index positions

for the beginning and end of the CAM pressure and Sultan slots are computed.

4.15.2.1 Section I - Listing

SECTION 1
COMPUTE VALVING INDEX POSITIONS

C
VA&'N660#/PISTNO
AINC,4.1VISTNO
NDE $Ia180/A I 1CCCI
NVANGaVANG/AINC#.001
NVANGI*NVANG+l
NMSOP.TMPRS/AINC¢,1
NPROPvNPRSOP+NVANG4I.
NHPSCL*(90.-THPREi/AINC+1.
NPRCL-NPRSCL+INVANG.I.
NSUSOP* (90+THSUCSI/AtNC+l.
NSUOP-NSUS OP01VANG+l.
NSUSCL-(180.-THSUCE)/AINC+1.
NSUCLNSUSCL÷NVANG-NDFGI
NSTOCRNOEG!+I
WRITE(6p8401 NPRSOPNPROPPNPRSCLPNPRCLNSUSOPNSUOPPNSUSCLPNSUCL

840 FORMAT(8(5X 15)I
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4.15.3 Section 2 - Steady State Output Pressure Calculation

Section 2 calculates the steady state outlet pressure and flow as a

function of cam position, pump speed, and pump internal leaKage rate.

On the first call to VPUAP the orif.ce flow coefficient (ORF) is calculated,

the first incremental bucket volume is initialized tc pump inlet ptc.-ure and

the bucket cavitation volume is set to zero'. These calculations are bypassed

on all subsequent calls of VPUMP. Each ti'e VPUMP is called for a new pump

speed and the cam position (ZCAM) is estik.4ed as a function of Incremental

and maximum plimp RPM.

4.15.3.1 Math Model

Two equations are solved to obtain pump overboard flow and outlet pressure.

Equation (!) describes the sysi.em pressure drop characterics input by the 7iser:

HFRESS = CKI + CKL * QI + CKI * 01 ** 1.75 + CKV ** 2 (1)
Where

PRESS = Pump outlet pressure (PSI)

QI = Pump overboard flow (CIS)

The'second equation describes the p!.np outlet flow in termq of rr.oix f• r-- at

the current RPM (QN.\X) minus a leakage flow. Lea'kage is a<.:.d to , dieozt i

proportional to the vane stage pressure rise as -.hon i- n o ,Fp •t )

Q1 =Q AX -, (HPRES'S - LPRESS) * COEPLK

Equation (2) Is •olved for HPRESS and substituted 14 t ion ( N) Nowton 's

method of f tlriUg si ccez.sive approxjmations to a 1.o F•. r'K C'-•, 1. in

÷-ioo l,.(0 is. usr-d. W en- tIe error btu e.n ,uc .s . - - -a,

j~ th1o of o)WeT1bo0ard fle 10W 19 d to Pite t~
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4.15.3.2 Sect~ion 2 -Listing

SEC11ON z ZCA14 POSITi3JN AND STEADY STATE OUTPUT PRESSURE CALCULATION
PISPR(NStJCL)-LPRESS

140 C04TINUE

CALL INTFPP(ICAP!CAMIP'(l ),CQMAEIIf.),10,11,gMAX, IERPRQP¶AXSMAý*Y/r,0.

TEf*~?CX(L*01,CKT*Q4 *1*1 75+CK V*Q1*01-LPPESS+fQ1-QMAX )ICOEPLK

02-Cl -itvM~~/OTERN

[F(VýS(CEP'.LIT.0.001)GO TO 150

odor) 504(o~~xE~~~ ITERATICN$ I'N PUMiP SS.FLCW BALANCE$)
G(V TO 14,5

150 CONIIIWIV

IF i HVA-), rf T. CV~)'Q~

I F HP f i S P

CALL I N~ ýP 'ýXCMX1 CM~ ' 01*IA ER
Ir F C zck 4.t f. 0 ,,Irh'A~ -0 1)
w~I FE ZC t l . 7cA

426 F0RMkT(ZOX*"El.¶i)



4.15.4 Section 3 - Bucket Precorpression Calculation and Control Test

Section 3 determines if the computed flow capacity for a given, cam positicn and

RPM is sufficient to provide the demanded flow with a given pump leakage flow. If

the pump can supply this flow, the control indicator is set to one (ICTL - 1).

Prior to the precompression pressure calculation, the maximum bucket volume

is adjusted. The change in volume is added to the total volume as the vane increments,

NVANG times starting from the point where the leading edge of a vane is just

closed to the inlet.

The remainder of Se.tlon 3 qalculates the bucket pressure which exists before

the vane starts to open the bucket to the pressure slot. This pressure is the

result of precompression in the bucket during that portion of rotor rotation

when the buc":et is blocked by the cam block between the suction and pressure slots.

4.15.4.1 Math Model The change in bucket volume is a function of the cam

po:•ition and angular displacement of the rotor as shown in Figure 4-8, Total

bucket volume is the sum of the vclume changes for Increasing bucket volume and

minus the changes for decreasing volume. A pressure dependent factor for leakage

from earh vane to inlet Is estimated for bucket pressures abc~a input suction

pressure as

PL&AK = COEPLK/(2.*NAPP)

Leakage from inlet to each bucket is

SLEAK w -PLEAK

Any cavitration volume in the bucket is calculated and tracked throughout the

bucket revolution. Bucket pressures are stored for ,._,-•h position throughout the

calculatlop. lime dependont oscillatory outlet pressure Is initialized to zero PSI.
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4.15.4.2 Assumptions - The bucket is assumed to be completely filled on the auction

stroke and the initial cylinder is assumed to be one plus the input steady

state value. Pressure dependent leakage is assumed, bulk modul s is recalculated

at each step based on the last step incremental bucket pressure, and the bulk

modulus formula used in fluid.

4.15.4.3 Computation Method - The calculation is performed in DANG increments with

the initial vane centerline angle computed from the suction slot end angle

(THSUCE) and the bucket angle (VANG). The number of calculation steps (NSTEPP) is

calculated based on index positions defining the end of the suction slot plus

NVANG and the beginning of the pressure slot in the cam block.
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4.15.4.4 Section 3 -Listing

SCTION 3- PISTON PRECOMPRESS1ON CALCUJLATION

TES ON CONTROL

STE PP.NPRSLup-4SujCt L,
t4Pa(VA'4G-THSUCE) IAIHC~1Di'RESP*.0 "Q
P L FAK aC OFPLK / I Z7. N A PP)
SLEAXa-PLEAX

THE TAm'VA4G-THSUC E
0 T %A 14CI (6. *Y I
XAg l)*THSUCE
XA(21;ZCAM
11 NISIJSCL
12aNtDEG1
I TE 14 a0
LVOLsVVOI.
13.0

C CALCULATE VOLUME FOR ONE SUCKET
166 DO 169 1-11,12

13. 1341

CALL LUCrU?9(I~rNA(1),ANGLEI ii DVOLII ),XA(I),DVDT.K~,IENFXTR)

DVI 13) .-OV(13)
166 CON4TINUtE

[ýýT[A.EQ.11GQO 
1 169

I2WNP
X&M )-DANG
GO To 166

169 11*0

C COMPUTE PRECMO P~FSSION TO PRESSURE SLOT
DO 160 toloWsl~pp
1P(IýPESPAtT,4 PSS) GO TO 162
OLEAX*(. ZESP-LPRFSS)*PLEAX*DT
GO TO 164~

16? L KUESL~S SPKD
164tqUFrRS!;-;4! ? L PP E£LPSEP-P R E SSI

LVO;L týV I I 11

DP~~ V5- r-flLEAK-CAVOL) ILVOL*BULKP

1FtLPZcSP.GT.O.Ol) GO TO 165

DPR -. 6.6.

165 C &14
167 P ;I II&? O

C 1. F 1 f*1 "I tMI ,69 31 r AV OL N P LPR E SP OV f13 ,13 DE LVOJL# I
C 4-t Y g ' ,PITý

160 C c di~

JC f5 V A'4 G'

151 pFTm N)00

ITlo CON4TINUE
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4.15.5 Section 4 - Pump Outlet Flow Calculation

Section 4 calculates the total output flow from the pump for one cycle.

Each of the active pumping buckets (NAPP) is sequentially incremented through

steps. The outlet flow is determined from summing the flow from each bucket per

side. The total flow is then multiplied by two since each side of the pump

supplies approximately one half of the flow. The calculation is started one index

step after the precompression ends. Pressure in the first bucket is initially

the final precompression value. Pressure in the other open buckets is equal to the

sum of the previously calculated steady state output pressure (HPRESS) and time

dependent oscillating pressure (PPT). Bucket pressure and outlet flow computed

at each step account for bucket leakage, pressure drop across the cam block,

vane motion and fluid compressibility. QOT(l) is set equal to nQT(NVANGI) to reduce

the effects of calculation start-up discontinuity, caused by the assumed initial

cylinder pressures.

4.15.5.1 Math Model - The math model derivation is almost identical to that for

the piston pump discussed in hection 4.5.1. The only significant chauge occurs in

equation (22). The pressure loss due to fluid flow over a time DT is estimated

as four times the flow rate, because there is one equation for each slot in the cam

block. Equation (22) now becomes

APf - ((DT*BULK)/(VA*LK1))*4*Q=4*1J3*Q

Following through on the substitution into equations (23) aad (24), equation 25 is

Q**2+2*LK5*Q-LK6 (25)

Where

LK5 - LK4 * LK3 *2 (26)

solution for Q in Equation (25) remains the same.
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Before computing the vane outlet flow, the outlet flow area is calculated.

As the leading edge vane of the bucket'rotates through the outlet slot on the cam

block, the arc length of the bucket exposed to the ouitlet is computed as

VAREA - .60935 * DTHETA / 57•3

This value is then multiplied by the cam block slot width to obtain the vane

outlet flow area foz one slot.

VAREA - VAREA * SLOTWO

The outlet flow calculation also tracks a cavitation volume if it should occur

on the outlet. Outlet flow is computed for one output cycle of NVANG increments

regardless of the increment size.
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ISpAGE IS 9F.ST QUALITYYC1CL

4.15.5.2 Section 4 -Listing y" JOQyyW,;j,5MT D

C

CAV1L*C AVOID
VAuL VOL.
TH4ETA. THEOLD
XA( Z~luCAP¶
q THE TAwV~A NG
D0 180 NvlNVANG1

180 QOT(H)wo.0
WRITE( 6,9Z5INPPCA VlCtLPRESP. VA, THETA

925 F0IRMATf1OXI1O,4Ej2.5j
NKMBNPRSr3P
DO ZOO MaP4APP
DO 196. N*lNVAMG
NKM*NKMl
IFINK(M*GF.NPRCL) GO TO 190
XA(i1u THE TA#DANG
T HETAuXA(I)
JALý LUCUP(NDNA(1),ANGLE(1),r,4CL (1 JXA(1 )vDVOT,K(,1E,NFXTRl)

3a3+1
tF( 13.GT.11113ml

OELVOLs-Q? "13)
C COMPUTF WAN! OUTLET FLOW AREA

o TH T.AaTPF~T & T H P S
lF(DTHFTACFYANG )DTHETAvVANG
IF(THETA~rG.ýVo.-THi>REi RTHCETAuRTHETA-OANG
IF(THE iA.GL (.-THPRE) )0"T4ETAsR THETA
WAR E he 6 ,HF Ao,57.3
VAR EAv VA 0,rIV

IF(C~r(40 TO 187
8ULKpvfll9 4.;, 41 ~P! PR'< )-PRESS)

IF(PSP~~iPP~s~GO TO 186
LEAKeSLEA~2*14S I
LK1ul.4SQ 'TqtULKP ,;'LEAK4OTIVA
GO TO 165

166 LEAKaPLttVx
C LFAKmLEPK*(ST4RT/Y)**1.25

1R5 LPKZ-(Pl;~ ý,UK V* DLVLI/K

LK4m f 2Rý-ý

L196 a LK 4 S S PP T tN I
LK7 'LK5,1te'ý
LK8 a -P.5
Q13UTs

I !ý!7ý ý ' ~ GO TO '188
167 CONI 12f~

CAVOteCA`;Cý- ýN Yr - :T*L PRESS IQGUT#DT
[ F C A V 01, 0 . '71 C 4 C 0

C I , 0, iOC ND? K( K 7,AVP TTFf6p 9 37C AVflL , NNK R , PI SPR HKfl
C +*, 'pýlpV 0 QT N)

932 F 1 1.Zt p 'A5f , q
190 CC

DO2,
4,01 a ort 1;
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4.15.6 Section 5 Fourier Analysis of Pump Outlet Flow

Section 5 performs a harmonic analysis of the time dependent pump total

output flow calculated in Section 4. Flow is computed over the cycle period

for each harmonic from the fundamental ,p to and including the input harmonic.

If the pump is on control, the overboard flow is used to adjust the

cam position (ZCAM). Harmonic flows (FQI(I,KK)) are then calculated from

the steady state conditions.

The steady stite cam position calculation is bypassed during subsequent

dynamic bal1 ing in Section 6.

4.15.6.1 Socz r'5 - Listin&

C SFCTIP• 5- FOUPIFR ANALYSIS OF PUMP OUTPUT FLOWC
A q V A -,0 C I

<A C U

ýCF7rET -MISIE0

??0 UrLO.
Cl -+< +

5~~ 0C

C ~~

t

II

c' a
I

+. ' ... .. . .. : + +" " +; 4' fl4- ' •

4'. 4: { + ; ! -( ' • 7• '. 4 4* 4

-'.. - + • + " S '-4 "



4.15.7 Section 6 -outlet Pressure Flov Balance Calculation and Listing

Section 6 of the vane pump model is identical to Section~ 6 of the axial pistoa

pump model described in Paragraph 4.7.

SE' 'ON 6- OUTLET PRESSURE-FL'OW BALANCE CALCULATION

270 CMI. "I IE

IF $ -'-, j 2800290,300
280 CON" NUE

W*Y4;P! STNO*PI*KXN/3o.

0 ,O(KK )*Z0*ZIP(JIU(ZO #ZIp(IjI 5.00
P6-CAP ,PQI( IKKII*5.0
P3m- C~1z ,KK)

PPM(ý aCASS(POI(IrKK)I
GO TOJ 320

Z90 CONTINUEt
ZOa PQ1(IPKK-1) I(Fg1(II(K-1)-FoI(I#pcKJ)

PQ1(I#KK) aFOI(I.KK-Ij4ZO*ZIP(I,,(Zo *ZIp(I))
P6&CA8S(P01(I#KK))

POI(1,KK.1) a PO1(IPKK) - POl(I#,K~-1
PPP(I a ATAN2(AIMAG(PQ1(IKK41))PREAL(P01(IjKKAJ)DI
PPPMII) a CARSIP01(IPKt.1f
GO TO 320

300 CONTINUE

P0I(JPKK) aZIPWJ * FQI(JKK)
P6uCA8SfP01(IPQc) '
ETAMJ a CARSSIIO * (PQI(J#KK) POl(JKK-11) IPO1(JPKKII
KKN a CKXN I.
IF(KKN.GT.NHARM) GO TO 335

* IKK *l FOI(KKN,31
GO TO 270

320 CONTINUE
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4.15.8 Section 7 - Reconstruction of Time Dependent Preasures and Listing

Section 7 computes the time dependent outlet pressure (PPT) from each

estimate of complex dynamic output pressure (P3) in Section 6. This section is

identical to Section 7 in the axial pump model described in Paragraph 4.8.

CC SECTION ?- RECONSTRUCTION OF TIME DEPENDENT OUTLET PRESSURE
C TERM-(2.*PI)1NVANG

00 330 J-lNVANGI
THETA- (J-11J*1TFRM
PPTWJ) wPPT(J) + REAL(P3)'* SIN(THETA) ÷AIMAG(P3)* COS(THETA)

IF (PPT(J).LT.-HPRESS) PPT(J)--HPRESS
330 CONTINUE

KK K + 1
GO TO 170

335 CONTINUE
WRITE(6,9O1)ZCAMOMAXPHPRESSPRESSQQFC(I)QOVPDYICTL'

Q01 FORMAT( /P 7FI1.4p 3X, 15v1)
C WQITE(6,927) ISPR(I)vI-3#416)

Q(I)FI(NHARM,3)
P(l)-POI(NHARMP3)
RET URN
END

-1I

-s!
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APPEiDIX E (CONT.)

HSFR TECHNICAL MANUAL (AFAPL-TR-76-43, VOL. IV)

8.6 SUBROUTINE LUCUP

Subroutine LUCUP provide linear interpolation of data points for a three

dimensional table. Fwo coordinate points are input and LUCUP returns the third

value.
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8.6.1 SUBhROUTINE LUCUP-LSTING

SLISRnUTINF LUCuPf4flNAP,Z p ZXAj,7QPKIE,,NEXTP)

L2 NAM I
T-XA( 1)

5C Dr 6C 1-2#L? JI AM1 E, WLYMnCX
F (T-X(j))70#qo#6, wa" J2wiO mlJs~i TO DDC.

IT.L?

GO' Tr 100C

Ao IT , ?
Glq WFoo

100 in t,0C,

L2 'LZ+NA42)

150 DP I C mL

G n200

Gl 2(,C

IPO IP-1
Sfl 2 1

200 CONTPTIsE

ITP4

I~ T~ T~~



WWI M F

APPENDIX E (CONT.)

HYTRAN USER MANUAL (AFAPL-TR-76-43. Vol. 1)

6.52 TYPE #52 VANE PUMP

-FLOW CONTROL FOUR
WAY SERVO VALVE /-CONNECTION NO. 1

ROTOR & VANE ASSEMBLY PUMP INLET ,NISON RING

17 CAM BLOCKS (2)

DECRENSE FLOWi 0I
CAM BLOCK CAGE

QAA
///

CONNECTION NO. 4 I
(LOW) 7r~

CONNECTION NO. 3 its/
(HIGH)

ACTUATOR AISTON
PUMP DICHARGI SHiOWN AT ZERO) STROKE

cGjNNSCT [ON NO. 2

FTGURE 6.52-1

TTYP NO. 52 VANE PUNP

The CECO main fuel pump (MFP) iss;imnulatedI by the PHT5MFS subroutine.

The voriable displacement silding vane p'ump is double acting with radial pressure

balance. The pump is controlled by coupliing an oxternal. metering valve to a

single stagce spool valve within the pu'nv he4Ieirg. Thr' val c regulaI;tes pumhp

displaceme'~nt as requi red t ' meet meteoring~ valve are! chbange s.' _____ ch4ngS.

T~pPU.".2 sunroutin Insi writ ten L w.rk with in -xtpr..rl metering valve,

Quhrain VAV4) supp ly ing thp cont rol Pi go iis to t he fo0ur' wayv servo valve,

w~hich ~4'unctinn essentialky as a raill-i ype 11~f4 erent ial yi' 5544e sensor. The MF7,

268



model will sense the signal pressures and adjust the outlet flow and pressure

accordingly.

The transient pump model must be initialized at reasonable steady state values.

Otherwise the re3ulting discontinuity between the steady state and transient sections

of pump subroutine will cause a transient before the user selected time.

The MFP model requires the input of actuator stroke versus pump outlet

flow aud actuator load. The valve stroke versus flow area is also inpat.

Though the vane pump model was specifically written to model the CECO MFP,

other variable displacement vane pumps may be modeled with this subroutine.
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CARD NUMBEP 1

COLUMN FORMAT DATA

1-5 15 Component Number

6-10 1'5 Type Number - 52

11-15 15 Number of Real Data Cards ,

16-20 is Line Number (with sign) attached to Connection 1 (Inlet)

21-25 15 Line Number (with sign) attached to Connection 2' (Outlet)

26-30 15 Line Number (with sign) attached to Connection 3 (High Control Iressure)

31-35 15 Line Numbe. (with sign) attached to Connection 4 (Low Control P essure)

36-40 15 Number of Servo Valve Pczitions

41-45 15 Number of Actuator Positions

46-50 i5 Number of Outlet Pressures

51-55 15

56-60 I5

61-65 15 _

66-70 15

71-75 1.5

76-80 15 Temperature/Pressure Code (See Page 4.0-2)

EXAMPLE CARD

I;4

2701



CARD •U•BER 2

COLUMN FORMAT DATA DIMENSIONS

1-10 EIO.O Servo Valve Area In2

11-20 E1O.O Servo Valve Spring Rate Lb/In

21-30 EIO.O Servo Valve Spring Preload Lb

31-40 EIO.O Servo Valve Mass Lb-sec/In

41-50 E0.u Servo Valve Damping Lb-sec/In

51-60 EO.C0 Servo Valve Discharge Coefficient -

61-70 El0.0 Minimum Valve Displacement In

71-80 EIO.0 Maximum Valve Displacement J In

__ ..... ____ __ _ _ _ _ , _ _

EXAMPLE CARD

I

i



CARD N4UMBER 3

COLUMN FORMAT DATA DIMENS IONS

1-10 E1O. G Actuator Extend Area In 2

11-20 EIO.0 Actuator Retract Area In2

21-30 EIO.0 Maximum Actuator Stroke In

31-40 EIO•O Unison Ring Damping Factor Lb-Sec
___1_In

41-50 v 'lj.O Servo Valve Overlap In

51-60 E E0.0 Extend Actuator Volume @ Zero Stroke In 3

61-70 E1O.0 Retract Actuator V61ume @ Zero Stroke la

I1-80 EIO.O Pump RPM RPM

EXAMPLE CARD
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CARD NUMBER 4

COLUMN FORMATI DATA DIMENSIONS

Cis
1-10 E)..0 Coefficient of Pump Leakage PSI

11-20 E1O.0 Initial Actuator Position

1-0 E.0 Coefficient of Servovalve Leakage @ Null I -

Position and 10O°F _

31-40 I E1O.O Outlet Volume Tn3

41 15 E. Initial Steady State Outlet cis

* 51-60 JJEIO.O Initial Steady State Pressure

41-60 IEIO.U lw O

Maximum Pump Flow @Operating
61-70 EIO.O RPM CIS

71-80 EIO0.0

EXAMPLE CARD)
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CARD NU1,3ER 5

COLUMN FORMAT DATA DIMENSIONS

1-10 EIO.O First Actuator Position In

11-20 E10.0 Enter as Many Values As

21-30 E10.0 Listed in Columns 41-45 of 7

31-40 ElO.O Card No. 1)

41-50 EIO.O Last Actuator Position

51-60 ElO.O Outlet Pressure for Car, Load PSI

61-70 E1O.O (Enter as Many Values as

71-80 E1O.0 Listed in Columns 46-50 of Card No.)

EXAMPLE CARD)
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CARD NUVtIB!R 6

COLUMN FORMATI DATfA DIMENSIONS

1-10 EIO. O Cam Load On Actuator at First Outlet Pressure Lb -i
-20 E10 (Ente Number of Actuator

21-30 ElO.0 Positions Times Number of

31-40 E1O.0 Outlet Pressure Values)

41-50 E10 .0 Last Cam Load On Actuator

51-60 ElO.O Ideal Pump F1,w for First Actuator Position UiR

61-70 E1O.O (Enter as Many Values as Listed in Columns
i 

I

71-80 E10O.O 41-45 of Card No. I)
I __ _ _ ,,iI

EXAMPLE CARD
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CARD NUM1BER 7

COLUMN FORMATJ DATA DIMENS IONS

1-10 EIO.0 First Servovalve Position (6oi~iv7 Directior In

11-20 E10.0 (Enter As Many Values as Listed in

21-30 E1O.0 Columns 36-40 of Card No. 1)

31-40 EIO.O

41-50 EIO.0 Last Servovalve Position

51-60 E0.0O Servovalve Flow Area Correspond To First IN 2 J
61-70 EIEOO J (Fiter as Many Valu~s As

71-80 E10.0 Servovalve Positions) ___________

EXAMPLE CARD
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APPENDIX E (CONT.)

NYTRAN USER MANUAL (AFAPL-TR-76-43, VOL. I)

6.24 TYPE #24 TWO-WAY CONTROL VALVE TO BE USED WITH TYPE 052 VANE PUMP

TYPE 024 is a specially modified TYPE21 valve that is used with the

Plrfe52 subroutine. The valve uses an externally controlled time history

"m•ta. The valve opening area is derived from the tabulated data input

ot the third and fourth cards. The total number input on both the time

and area tables must be equal to the number Input In column 70 of the first

data card.

Care must'be takpn in choosing the proper metering valve areas for the

Initial steady state pressure and flow conditions input with the PUMP52

subroutine.
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CARD NUMBER 1

COLUMN FoRMAT DATA

1-5 15 Component Number

6-10 15 Typ• Number = 24

11-15 15 Number of Real Data Cards = 3 or more

16-20 15 Line Number (with sign) attached to Connection 1

21-25 15 Line Number (with sign) attached to Connection 2

26-30 15 ....

31-35 15

36-40 15

41-45 15

46-50 15

51-55 15

56-60 15

61-65 15

66-70 15 Number of data points in table.

71-75 15

76-80 15 Terperature/PresC5ure Code (See Page 4.0-2)

EXAMPLE CARD
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CAR.D NUMBER 2

COLUMN FORMATJ DATA DLMENSICNS }
1-1if EIG0O

11-20 EIO.O fValve Discharge Coefficient

41--50 E1O.O

51-60 E10.O

61-170 E10.0 -

71-80 E10.0

EXAMPLE CARD)
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CARD NUMBER 3

COL'.MN FORMATI DATA DIMENSiONS

1-I0 E10. First Time Value (Must be 0.0) SEC _

11-20 EIO.O (Etter as many time values as i

21-30 FO. O required using as many columns and I

31-40 EIO.0 cards as necessary. Final time must

41-50 EIO.O begreater than or equal to final

51-60 E!0-0 ca'culation trime.)

61-6/0 Fl.
61-1O EIO.C t

71-80 EIO'O

EXAMPLE CARD
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CARD NU11BER 41

CLUM1 FOPMAT DATA JDIMENSIONS J
1-0 E1O.0 Initial Metering Valve Area @ T-0. 0 In 2

nL 20 ELO.0 (Enter as .nany valve areas as

21-30 JEIO.O time values).

I31-40 E1O.O I.
41-50 tEIO.O'

61-70 E10.0

71-80D E10.0 ___ _

F.XAMPLE CARD

291



APPENDIX E (CONT.)

HYTRAN TECHNICAL MANUAL (AFAPL-TR-76-43, VOL. II)

b.52 SUBROUTINE PUMP52

Subroutine PUMP51 was set up to model a variable displacement vane pump

of the type used as the main fuel pum, on the F-15.

The vane pump is a double-acting pump with 100 percent radial pressure

balance. The internal vane track contour provides for two inlet and discharge

ports per revolution. Pump flow control is achieved by hydraulically coupling

an external metering valve to an internal single stage hydraulic servovalve.

The servovalve regulates pump displacement as required to meet valve area

changes and speed changes. A schematic of the variable displacement vane pump

is shown in Figure 6.51-1. The pump is shown in a maximum flow condition. The

pumping element cqnsists of a rotor, vane and shaft assembly and two vane track

cam blocks. Two side plates at each end (not shown) are required to complete the

seal of the pump volume. A cage and unison ring assembly is used to support the

cam blocks and control their position.

The cage restrains the cam blocks vertically while allowing horizontal

motion. The horizontal motion is controlled by the angular position of the unison

ring and the relationship between the two inwardly protruding surfaces on it and

the external cam surface that contacts it. The volumetric displacement of the pump

is determined by the allowable vane accelerations that will irsure continuous

vane contact with the vane track.

6,52.1 Math Model

To compute the transient response of the pump, the contro? characteristics

are mjdeled using simplified calculation tech-iques. The pump supplies fluid

flow in response to metering head pressure differential. Summing forces on the

flow control servo valve in Figure 6.52-1 yields equation (1).

DT(ACCEL) - (PMB*D(ARVAL) - D(BVAL) * VLST - D(KSPG) * XLST)/D(MVAL) (1)

where

DT(ACCEL) - VALVE ACCETPERATION

MH* D(ARVAL) ' CONTROLLING FORCE INPUT

D(BVAL) - VALVE DAMPING COEFFICIENT

VLST - PREVIOUS VALVE VELOCITY

D(KSPG) - VALVE SPRING CONSTANT

XLST - PREVIOUS VALVE POSITION

D(MVAL) - VALVE MASS
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DT (P INLET)

ROTOR &VANE ASSEMBLY - PUMP INLET ACTUATOR UNISON RING

D'T(ASTROKE)/

-, CAM BLOCKS(2)

DT(PACTE) /444
/ ~CAM B~LOC&~ CAGE

FLOW CONTROL FOUR/
WAY SERVO VALVE

METERING HEAD,
PRESSURE DIFFERENTIALACUTRPSN
P(L4) LOW- ACUTRPSO
P(L3) HIGH -/& LiNK ASSEMBLY

DT(VDI S)') / ot (PACTR)

"U '.'-DT (POUT LET)
PUMP DISCHARGE QOUT

FIGURE 6.52-1

SCHEMATIC OF BALANCED VARIAPLE DISPLACEMUNT VANE PUMP AND C)NIROLLER
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The servo valve displacement for the current time step is computed using

a corrected Euler method. The calculation of actuator flows is based on a

combination of the servovalve orifice equations and the volumetric impedance.

The exact formulation of equations changes depending on whether the actuator

is retracting - decreasing pump outlet flow, or the actuator is extending -

increasing the pump outlet flow.

An equivalent diagram for the flows entering and leaving an extending

actuator is shown in Figure 6.52-2. The pressure drop for the Ql flow is written

as

DT(POUTLT) - DT(PACTE) - Ql 2 •- 2 . (2)
DT(BULKE) + Ql COEV• ,

A similar expression can be written for the Q2 flow. The subsequent

quadratic equations are then solved to obtain Ql and Q2, the flows entering and

leaving the actuator as it is extending. The flow values are doubled because

there are two actuators controlling the cams in the pump.

The actuator velocity is then calculated using the equivalent network

given in Figure 6.52-2. The network is solved for the piston velocity DT(VELACT).

A damping term and actuator load are included in the calculation. The load is

based on the Drevious or last time step value of the actuator velocity.

The network accounts for the volumetric effects of the two actuator cavities,

under the assumption that a portion of the flow is lost to or obtained from

these volumes due to changes in pressure within the cavities. The basic network

equations are:

DT(VELACT) * D(AEXT) -- QI - DT(BULKE) *(OPACTE-DT(PACTE)) (3)

DT(VELACT) * D(AFET) -+Q2 + DT(BULKR) *(OPACTR-DT(PACTR)) (4)

DT(VELACT) * D(DAMP) sL-DT(PACTE) * D(AEXT) + DT(PACTR)
*D(ARET)+ALOAD (5)

Solving EQNS(3) and (4) for DT(PACTE) and DT(PACTR) and substituting into

Equation (5) yields

DT(VEIACT) FDRIVE IZN (6)
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where

FDRIVE 92- + OPACTR* D(ARET) - - OPACTE* D(AEXT) 4- ALOAD
G2 GI

ZN- D(DANP) + DLAEg) + D(ARET)
G1 G2

GI - DT(BULKE) / D("EXT)

G2 = DT(BULKR) / D(ARET)

Once the actuator velocity is obtained the stroke is computed as:

DT(ASTROKE) = DT(ASTROKE) + (AVELO + DT(VELACT))*DEI,T/2. (7)

where

AVELO - the previous time step value of actuator velocity

The actuator stroke Is directly related to pump flow. The actuator pressures

may be computed for the current time step.

DT(PACTE) - DT(PACTE) + (Ql + ,VELO * D(AEXT)),;DT(LULKE)

DT(PACTR) - DT(PACTR) + (Q2 - AVELO * b(ARET))!DT(BULKR)

Equivalent circuit schematics of the pump's rInlet and outlet are shown

in Figure 3.5-3. Solvi'-j for DT(PINLET) yields

DT(PINLET) - (C(LI)/7(Ll) + DT(PPOTJT) * D(COEPLK) (8)

+ DT(QOACT) - DT(QMAX))/(I/IZ(LI) + D(COEPLK))

The pump outlet flow is

QOUT - -(DT(QMAX))-D (COEPLK) *(DT(PPOUT)-DT(PINLFT))

-DT(QIACr) -DT(BULKO) *(DT(FD.OUT) -OPOUTLT)) (9)

and the outlet pressure is then

DT(POUTLT) - C(L2) -,QOUT * Z(L2) (10)
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Qi PACTE DAMPLCT TJ F PAITR Q2

""G1 VG2

Gl G2

OPACTE OPACTR

FIGURE 6.52-2

ACTUATOR PRESSURE AND FLOW CIRCUIT DIAGR-.M

QOACT QIACT OUTLT

/,PPOUT J BU LIK(0 '

cI ,QIN QOUT I
)- .v ----- 4) ... ...... -- ) _v*,,4 __•

PINLET POUTLT

INLET OUTLET

FIGURE 6.52-3

INLET AND OUTLET CIRCUIT )IAGRAMS
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6.52-2 ASSUIMPTTOUS

The vane pump is a symmetrical unit, thus actuator loads were assumed

identical. Once the actuator flows were alculated they were simply doubled to

obtain the total flows that were recycling Lhrough the unit. Friction and

stiction in the actuators were ignored.

The pump internal leakage is assumed to be dire-ztly proportional to the pump

pressure rise. The model also does not incorporate the high pressure relief

valve or the wash flow filter shown in Figure 6.52-1. The dynamic effects of

these elements are negligible during normal pump operation.

6.52-3 COMPUTATIONS

1000 SECTION

In this section pump constants are initialized for use in the subroutine.

1500 SECTION

Steady State Calculations

The pump has four connections. The two metering pressure conuections

are handled as zero flow legs and they are not part of the steady state flow

pressure balance. Only the inlet and outlet connections are used.

The user inputs the Initial steady state pump outlet flow, pressure, and

actuator positton for the given flow. The pump vane stage pressure rise

is derived from an equation incorporating maximum and overboard flow and the

coefficient of pump leakage.

DT(PPOUT) - (DT(QMAX) - D(QOVBD))/ D(COEPLK)

To initialize the actuator pressures an Iterative procedure ia use•.

The pressures are dependent on the actuator load at the initial stroke and the

leakage through the ser~ovalve.

20() SECTION

Actuator stroke and velccity, predicted outlet pressure, valve acceleration,

velocity and displacement, and valve set spring pressure are Initialized in the

2000 section.

3000 SECTION

Ln the 3000 section, the pump transient response Is calculated. A flow

chart for this section is shown in Figure 6.52-4. First control servovalve flows

and pressures are computed. The valve acceleration is determined using a

force balance on the spool. Integrating the acceleration equation yields the

following oquation for control valve veJocity:'

287



TRMII SECTIAON7

ýc ALE OERAPCLT ACTUATOTOR ES SUIES

DEREASSMURMSPI FLOWS N)CI A

Jr-TUATR N O

eP'iZPF 6. 52-4 CM)O MfFZ M,'tul MODEL Fl.,OW DIAGRAM

238



DT(VAVEL) - VLST + (DT(ACCEL) + ALST)*DELT/2. . "

The integration of the velocity'equati6tn results in an equation for valve dis-

placement:

DT(VDIS) = XLST + (DT(VAVEL) + VLST) * DELT/2.

If the absolute value of the valve displacement-is less than the valve overlap,

the leakage flow through the valve is set'to zero.' If the valve displacement is

greater than the valve overlap, the program will compute orifice characteristica

of the valve from subroutine INTERP.

For decreasing flow, (actuator retracting), the program will compute

pressures and flows for pump inlet and outlet. If the flov is increasing,

(actuator extending), another set of equations is used to calculate the pressures

and flow rates. Actuator piston position is determined by integrating the

actuator velocity equation. Pump* fioi can 'then be computed using the INTERP

subroutine. Equations relating leakage coefficients and pump flows yield pump

inlet and outlet pressures.' A predicted.pump outlet pressure is computed for

the next time step. The cam load 26"domputed in subroutine LUCUP and is a

~ .-function of actuator stroke and outlet pressure. The final step In this section

defines the pressures and flows at the Inlet and outlet lines of the pump.
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6.52-4 Variable Names

Name Description Dimension
A Temporary Variable
DT(ACCEL) Valve Acceleration IN/SEC**2
D(AEXT) Actuator Extend Area IN**2
ALOAD Last Actuator Load LBS
ALST Last Valve Acceleration IN/SEC**2
D(ARET) Actuator Retract Ar-a IN**2
D(ARVAL) Control Servovalve Area IN**2
ASIGN Sign of Valve Velocity
ASTRO Last Actuator Stroke IN
DT(ASTROKE) Actuator Stroke IN
AVDIS Absolute Value of Vaivt. Displacement IN
AVELO Last Actuator Velocity IN/SEC
B T�T.porary Variable
DT(BULKE) Actuator Extend Compressibility PSI
DT(BULKG) Pump Outlet Compressibility PSI
D(BVAL) Servovalve Damping
D(COEPLK) Coefficient of' Pump Leakage __
D(COEVLI) Coefficient of Valve Leakage (Open Valve) CIS/PSI
D(COEVL2) Coefficient of Valve Leakv.ge (Laminar) CIS/PSI
COEV1 Temporary Variable

CCN Temporary Variable
D(DAMP) Unison Ring Damping Factor LBS/IN/SEC
DELTAP Temporary Variable
DELTP Temporary Variable
FDRIVE Temporary Variable
FF' Temporary Variable
FRIC Actuator Friction LBS
GI Temporary Variable
G2 Temporary Variable

Counter
LE Error Indicator

IERR Error It-dicat-ir
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Name . escript 1on Dimension

IFAIL Iteration Fail Indicatoi --

ILOC Array Location Indiciror

ILOC1 Array Locationf,,ndicator

D(ISTR) -Initial Actuator PsitLon IIi.

ITER Iteration Covnter

Counter

KSPG Spring Rate LBS/IN

DT(LOAD) Actuator Load' LBS

1OC Array Location Indicator .

LI Dummy Variable --

L2 Dummy Variable

L3 Dummy Variable

L4 Dummy Variable

D(MAVDIS) Maximum Valve Displacement IN

DT(MHSET), Servovalve Set Spring Pressure Pl; .

D(MIVD!S) Minimum Valve Displacement IN

D(MSTROKE) Maximum Actuator Stý:oke IN

D(MVAL) Servovalve Mass (LBS-SEC**2)/IN

N Counter . . ,

L(NAST) Number of Tabulated Actuator Strokes

L(NPP) Number of Reference Load Pressures --

I.(NVDJS) Number of Tabulated Valve Displacement8 --

OPACTE Last Actuator Extend Pressure PSI

OPACTR Last Actuater Retract Pressure PSI

OPOUTLT Last Ottlet Pressure PSI

OQl Temrorary Variable

0Q2 Temporarv Var inabI e

DT(PACTE) Extond Actuator Pressure PSt

'DT(PACTR) Retract Actuator Pressure PSI

DT(PINIEC) Inlet Preý,sure PSE

P'*f H S'ens. (J e Pressure Dfferentlal PSID

DTk'( POUThT) (,W1 f Pr eri .re PST

D1T (PP(MUT) Predic . ut .. -0 P rcssve PSI

DPES p'In-p(in Itlet Pr e.3Futt PST,

291



Name Description Dimension
D(PRPM) Pump RPH REV/l.IN
QAREA Servovalve Opening Area IN**2
DT(QAREAl) Valve Orifice Constant --
DT(QIACT) Flow to Actuator CIS
QLOSS Temporary Variable
DT(QMAX) Maximum Pump Flow CIS
DT(QOACT) Flow from Actuator CIS
QOUT Flow Out of Pump cis
D(QOVW Initial Pump Outlet Flow CIS
QP1JpM Temporary Variable

Q1 Temporary Variable
Q2 Temporary Variable
D(SPLOAD) Spring Preload LBS
DT(VDIS) Valve Displacement IN
DT(VELACT) Actuator Velocity IN/SEC
VLST Last'Valve Velocity IN/SEC
D(VOLAP) Servovalve Overlap is
D(VOLE) Extend Actuator Volume at Zero Stroke IN**3
D(VOLOUT) Outlet Volume IN**3
D(VOLR) Retract Actuator Volume at Zero Stroke IN**3
XDD Temporary Variable

XDDS Temporary Variaj.e
XLST Last Valve Displacement IN
ZN Temporary Variable
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6.52-5 LISTING

TBIS PAGE IS BE~ST QUALITY FRACTICA=L
FaON OQEY AMI1SýM TO nDC _

C IZ IC M 9R ~1977
r C:CC VAP1ASLP ')!ýDLACF'1FT VANc POjMVI~LQUPP?

cnrpoof MT:LOL.NTOJLPL, ITJilPUINT,4PT'ý,1NELKNF j-1. iOPLNLPL.1(6lo3);o
I ~ ,(O1)L.()1,1E,1Oh (01,v) (90)

C! M0Pý'J[IPA'::LTVTFc,9),P-OLTDOýL),JM( hoO),LFP(30)'(3C)C(3O

C 0 VAPI1APL; TN"ýGc;$

c I'T V601A'Rir INTtEt,'D
T'TFT GtR ACC;( ,V4VýL ,V!)tS* PAC T;,PACTR.F3ULKFvELJLk(RVFLACT9

I r'1I'TLT-,'P4 tTASTýflw-'.PbLI~Flp MAXP 0 0tY,.CIAC1,vPrCTQA$?FA
C Of ) APPAY *****

DATA APV4LI#;P//1PCA//PVL4/1 L51Ci'VI(I

c :)T:f 'Y !Ai.AY .04*S*

C Lt( ) APRAY
CAT

C

C,
C lf* tCC r.; TlrN
C

I CQIC 0O4 TI Nlj;
I F ( 1N f L. N;:. I U~ hI' 1Ct.

I3,I 'T(Zr' C;Ii

C CALL TNTýpPi(b(ISTRj*ti?' ),D(LOCh~ol,1(NAST),CPUMPIrPR)

OTI~-) D'A PA I QM

ýT( FPLFhJT) "( PR ý

c
rt rTrA')Y ^NTAT;, hCaICILaT~N S::C T IC'4
r *so -vJ) ac.Jlf? , iIF T :LaC0114 0' VE u ~L's LPG
C *** T -4 - T 1L ýýt I S A NrIPAL PO0INT I' r-4c iY3TFv
C
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IV$ PIG! IS BEST .%UALT~lC FRACTICAM 4

6.55'.'5 LISTING (CoWfINUED) Me OOy icAMISHM To DDC

1 170 0114 ~L FT):!P ZL (NL I I
I FrfDT fP IALI T).L T.30. ) 0T iP T,4L,: T 13 0.
V,3 T(l I60C

C s., cqjs PUM~P 3OTLE T PRqSSL'Pc

152C rFnXN.)~f TC 1700

SP0'JrsDT(PP00T)

c 'ýT(OP0UT)T.5*fýT(LODOiUTI+SDOUT)
CT(PPOttTJ:(CT(QmAX)-'?(QOiVB2D)1/J.(CO::PIK)

nTf00UTLT)sPQL~r(lNPLv1)

*4* INITIALI7i S;RVI'VALVI: PPESS!JQFS

1530 CPr4TTNt;F
TF0(NrL.ý0.3)Pl;rUPN
Ln - ( t T * (ýD + '+ ( A T * I P,

c CALL N'(Qt ,9L),(')

XA C?)wr~f' PV1OLTI

C " L rA r F 1) 141 r I 1\1

TiC=LfuN ASTr ?5.L CP?
CA~LL LU)C'JP(N'¾L(N4AST),OC25',D(ILnC )Piet( 1hCHlTLCrAP),MIrPNFXTq

C*'ACTiIATLFP~ i;StiSUR

IT;:Pml
.7T(PACT' h',C0.
fr 1 f C C*EVI.' /r) CV1L A P

r11

rrT(PCTý)=(Jr(PACTrý*0IA;7xt)-fT(iCAD))/r(APFT)
rFLTA PiDT ACTP)-DT CAC TR

Q.' ( DT ýrnurJL T)-5 T( PA Tr 1 ;)*'c
0?x UT ( PAC rF )'-OT( (PT L F f )4 Pc I.TAP)*,Gl

I F (P )C-0 o/ .Q f.T 6*P101 I FFAIL I

I r T IARI FOOG TO 1'1-00

#07
0W0t O2
IT P VP --ff 1Z
IF( ITP .61,75 )(-,U TO 1"90
Gr, Ti 1 4 0
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6.52-5 LISTING (CONTINUn~) fals piox IS B MST QUALITY flLCTICA=L

I ?C0 lQlTE(6V1H00) VfKNLP,!'~FL

0, ou ~ 'CMA~X,4#-H4 L SLQUCNCc ERi!J1 DFTFC 1;0 IN CL'MPON:NT` NC'
I '."14H CC 4'CT10N NO P15#?H LEG NC' v 15)

943 FO eAT(10X31,3 PROCPAK STCP I14 SuaoaIjr1Nf,*UMP5?)
tTMP 6052

C

V0CO CflNTT4Ut

n(P P M ýT I T~ n~ljT L. T

rnT( VCTS )=o.

D!VhL T ( H TPtL. -

9 00 0 Fnr'MAT( ýX,10F 1 5 1

3000 C Om 1t'119

*C CALCULAIL TiANýTI-NT REýPDNSV OF PUMP

L3-IL13%

# .t1 .C L2 9C L 3) pC (L 4)
FR TC a0 . 0
ALSTxDT!A7Cý1)
VL T =1)T ( V AVF L
YLSTul)Tt~Vr) ISI

flD0lJTLTv!T fDO3ULT L
A1OlAr'C T( LOAD )
1.C m L a 3T )+L ( N PO+15+L C4 AST*L(4P R

A* TIJATýP+ Cfmi- ;~S T11LITY EFFýECTS

OPtzTP'OI(PAtrPI-ýT(VELACT)*0!APcT)ICT(PULVF)
0f121:-VLiT*)(ADVAL I
'ý ( L 4) --C0 ( L- 3
IF (0)(13)-7( .' .)*0(14) 2.
PtL 'dEC CL4)- 7 (L 4 *(L 4

OT! ( IIH T P( L 3 Pý

I T E LL RI( V V .rjG W~~ ) 1GDT C E L CAV
I. F L I1 1~ 1,?I0 , "C I I T I2 ̀, A> V r; 1 0 n

I F T('VP) I .2VT, .TVOI)P A.41 1 TLVD)IGS TO 3010
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6.52-5 LISTING (CONTINUM~)

S**VALVf fPFA FUNCTIO'N

ILOd zTLOC+L(0JVlIS)
WVS=AFS(CT(V0uISIl
CALL INTERPPAVUIS,0fhLOC),D(hLflC1), 1oL(NVDISIOAREhIERR11
crcvVi r (COE VL!*AA
OT( QARc hi)-CCrVl
TF (flT CVOTS ) (T.l( vfLAP) )GU Tfl !070

C D FC~RA';INrs FLnw ACTUATOR RýTQACTING(+ DIP)

A-( 1. ICnEVR Jd*tŽ

CfnqurDACTý-PTf0lNLE 11
C IF(CC.N.LT.3.) C"N=0,

nfl(Ct7&CT )s2.*Q1

RPaI/fT(PULKP)
C'VInT(P0LUTLr)-9PACTR

c TF(CnN.ILTO.) CnN=C:.

ATAOIA(T)x2.*O?
Gfl Yr 3C3C

C
C TNCR;A5ING FLrw - ACTUATOR ~eTENDIN6(- DIP)

3 02C. CrrNTINUr

CO'l4=T(POUJTLT )-1POCTtE
C TU-CnTh.lT.O.) CrPI:Q0.
99? 01: S~'Z(Q*+.**O))(.A

CO4NiP4C TR-fOT CPTNL--T)
c IF(CPN,.LT.O.) C94=0*

OT(0nfACTI=?.*Q?

GO TO 3030

C *** C04PUTr: VALVE L=-AKAGF FLOWS
C
3C10 C!lNT!NUF

CT( CIAC TlI0.0
0TfOCý ACT)*','.
OZ=C.O,'

3 C,?L Cf 04T 1 11 ý
, 1 - r T' li LK P k ) I r ( A E X TI

r,:CT C ?r,+PUL')I(A'PTP*(RT I/;IDAT*(E

FO)R lIr -fFL TP4 ',L 0A I
MT(VLACT ) =F!) V: /IN

C CAI.L CF P IC (Flrl':VP FfDTf VELA-T )vA VFLnpx,o xfDC,xýtFRTCP It*1. 1
IF( AIS(0 TfVLLCTJ).L.O..01?DT(VFLACTI:QOo

A 4* ~T U AT 1, F I ST rN P 0 fI I rl t

CALL S T P, K T(',T( AStPOK ),O(AVCLACT )T(.ACTIG),*oO('LT fl'J
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6.52-5 LISTING (CONri~TUED) 1fiS PAGE IS BES
f OMA QI,)P' yJRa1Sim TO UV O .

# 4* PUM~P FLCW

CALL !NTFR'(OT(ASTROI3F ),D(25i9fltLfC)PIOL(NAST).CPUF.II P)
DT(ePAX)mC(PRPX)*QPUP'P
OTfASTRUJKE)2?.*')7(AS1ROK(E)-ASTRtC1

**PUM'P INLET PRFSSURF

OO~~CT(P OMAXz((L)/D(CPL)*(rT(PpnU T[*DT(C PINLE1 T )-tT)~AT

4-DT(3ULKQI)'(DT( POUT )-OPOUTL T) I
DT(Pf2UlLTi-C(L2)-QflUT*Z(L2)
flT(PPOUT)s:IrTfPTUTLTJCIPOUrLT)/2.

C
C **CAM' LflD FUNCTION

XA( 1) atT(ASTlrCKE
Y&(' )mlT( POUTLTl
TLOCzL(NAST'I.'5+L(NPR 3
CALL LUJCUP(NY).L(NAST3,o-(25).r)(ILflC3,XA( 1),DT(LV'Afl).KIP,[~T'E)T
IF~DT(Lr1,),LT.3.O)rT(LCAD)3O.0
D~fL0Ar)srT(LOA0))/Z.

C **DFFTNF PUMP EYTERNAL PARAMFTERS
C

P(L13 'OTt PTLET)
O(113=(C(Ll)-P(L1 ))/'Z(LI)
P(L2).rt(P3UTLT 3

c TF(T.LT0.o.35)WPITF(6,QOOO)IDT(I3, 1:1,19)
C WR~TTF(l~,9c3Df(LJ ).CIL?),C(13),C(L4),O1,oCZCFUMP,-PtLl),E(L?I
C + ,P(L31 ,P(L4 ),Q(L13,J(1Z3.OtLl),Q(L4)

RETURN
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APPENDIX F

HYDRAULIC MOTOR MODELS

HSFR USER MANUAL (AFAPL-TR-76-43, VOL. III)

2.3.11 MOTOR (Piston, Constant Displacement)

The mottr is identified as an NTYPE "9" element, with a KTYPE designator

of "25". The motor model should always be the 'first element in the system.

The piston motor model is based on the axial piston pump model and it

requires similar input data. Three data cards are required in the sequence des-

cribed in the following pages. Figures 2-8 and 2-9 should be referr-d to for

the physical description data. Physical data for a given motor is read into

the element data list in the same manner as for the other system elements.

Motor outlet pressure is input on the second general control data record (para.

2.2). Motor inlet pressure is input on the second motor data record.
/
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CARD NU2BER 1

COLUMN FORMATI I)ATA D IMENSIONS

1-5 15 NTYPE = 9

6-10 15 KTYPE - 25 Hydraulic Motfor--

11-20 EIO.O Ri Cylinder Slot Radius IN

21-30 ElO.O SLOTW 'Cylinder Slot Width

RV - Cylinder and Valve Plate Slot Center- TN

31-40 EI,.O line Radius

41-50 EIO.O RBORC = Cylinder Centerline Radius IN

51-60 EIO.0 DIAPIS - Piston Diameter IN

1-0 E10.0 POVOL =Oil Volume Between Piston at Mid- IN**3

stroke and Port Face

71-80 EiO.O R2 = Valve Plate Outlet Slot Radius IN

EXAMPLE CARD

}:I



CARD NUMBEF 2

CuLUMN IFORMATI DMA D]ME1'SIONS

1--00 EI.0 R4- "alve Plate Inlet Slot Radius IN

11-20 E10.0 SWASH = SWAS14 Angle DEC

-- A Motor Internal Leakage to Case at cis

21-30 .IO.O TLEAK - Steady State Pressure

THPRS = Valve Plate Outlet Slot Start
31-40 E10.0 Angle I DEC

THPRE = Valve "late Outlet Slot End DEG
41-50 EIO. Angle |__

THSUCS . Valve Plate Inlet Slot Start
51-60 E10.0 Angle DEC

STHSUCE = Valve Plate Inlet Slot End DEC
61-70 E0. Angl

S 1. LPRESS = Motor Inlet Steady State PSIG J7f'-80 EIO.0, Pressure

EXAMPLE CARD
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CARD NUIBER 3

COLUMN FORMATI DATA DIMENSIONS

1-10 E1O.0 CPRESS - Steady State Case Pressure PSI

Case to outlet Pressure Difference PSI11-20 EIO.O CSPR"-5S -at Zero Case Drain Flow

21-30 EIO.O

31-40 EIO.O, II
41-50 EIO.O

51-60 EIO.O

61-70 EIO.0 I

71-80 EIO.O _ _ _

-N-

EYXAMPLE CARD
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APPENDIX F (CONT.)

HSFR TECHNICAL MANUAL (AFAi'L-TR-76-43, VOL. IV)

4.16 MOTOR SUBROUTINE

4.16.1 Introduction and Flow Diagram

SUBROUTINE MOTOR is a general, detailed model of a rotating, axial,

nine piston, constant displacement hydraulic motor. The model computes

dynamic inlet and outlet pressures and flows. The main program calculates the

harmonic load impedances of the rest of the circuit, and this provides the

linear phase and gain relationship between the harmonic flows into and from

the loads and the corresponding pressures across the loads in the frequency

domain. A presstre and flow balance is performed in the time doma~v between

the motor and system. A check of the balance is performed in the frequency

domain.

The rotor model considers valving areas, precompression, decompression,

fluid bulk modulus, and piston motion. Piston pressure at the beginning of pre-

compression is assumed constant and equal to the input steady state inlet pressure.

Piston pressure is then calculated continuously for the full motor revolution.

Figure 4-9 is a general flow chirt of the MOTOR subroutine. The specifica-

tion section includes initial;zation of variables from input data and the cal-

culation of several constanLs. At the start RPM the motor indexing variables are

calculated for the plate porting and the valve port areas are computed for a

full 3600 revolution. In Section 2, the precompression pressures are computed

followed by the calculation of mctor outlet flow. A Fourier analysis is performed

t3 calculate harmonic flows up through the harmonic of interest. Harmonic pressure

and flow are then balanced dynamically by reconstructing the time dependent outlet

pressure and recomputing flow from Section 3.

For the inlet side, piston decompression and inlet flow are calculated.

A Fourier analysis of inlet flow is performed, followed by dynamic balancing of

inlet flow with the supply system load. Inlet and outlet flow and pressure

for the harmonic of Interest are returned to the main program.

The MOTOR subroottine is divided into eleven sections. Each section is

discussed and a listing of that section is presented individually in subsequent

paragraphs.

4.16.1.1 Varidb!e Names - The variable names used in the MOT)R sub)routine

are the same and have the Identical meaning as those used in the PTryp subroutine.

Some of the ?UMP variables have been dclete(i. The variables are discutssed in
the P111 subroutine paragraph 4.1.6.
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FROM MAIN PROGRAM

C;all Argumeo"ts
9 Motor Start Speed (WSTART)
* Motor Speed for Current Calculation (Y)
* Out.et Load Imp-dance for Each Harmon. (ZIP)
# Harmonic of Interest (NHARM)
* Steady State Output Pressure (PRESS)
* Motor Speed Increment (WING)
* No. of Pumping Pistont; (PIST NO)
* Inlet Code No. (N IN LT)
* Inlet Load Impedance fcr Eachi Harmonic (ZAP)

Caiti ul ate Ho o armoiab e flo m I pu
Thrug Hra armoiofIt j

Section 25 C'alculate Harmonic Pretture

UpThrough Harmonic of Interest

Section 6 - ralcusteHrmon imc Pesurnent
UpTruhHarmonic O oflet tere st

+__ KK -ý 1,

Secti on 7. Pktnnsuc Ticmwe N. otnd KKw
FlCUnr~ 4-.9

'HSTR COIPJTFR PRr,4!A
Motnr C-ihrouwine Flow Chart



-4 ur Fnletadowte lo
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4.16.1.2 Specifications aod Initialization Listing

SUqRCUTItNE M4OTOR (WSTARTY,7t9,'4HA0'pPESSW!NCPISTNfl,

C*VAO1ARLF TYPCS, DIKENS14SIP~ COMNAI

04IPLFX PfTA#GPso;Zfzv2pzv

CO2~MMON RETA#Cpa.#OZ X BE ,BF, 5EI,~rPBEIPRHC?,BULK,#VOLWVISCPAR

VIIENS'fleý' r(2 ,~P4RM(P,4))3#0 f4V*)s(4O),Z(4U)

PJýjn JTi 1oPT(PI ICFCti),QQFS(il),PPMI'4) *PPP(I1)

DOIMF NJ IQ, XLV')tVAFPtA(14(L ) E OEf(C

D M'ENS IOP. pi p 4C )QTS 11),o01 (i,),1 I(~3
DATA VARFA/iI,0O*O.O/,PISPRIVOO*C.C,/

C ~*StUITICIK mFET4Ot

C *INITIALIZF VARIAWLS FP"1'4 INP'JT ATA rQ MAIN~ PRCGPAP*
7F(Y,fjE*WSTAQT) GO TV 140

PBO'C'APM(1;1,)

SL .~vAP

SWASHoPA;#t?#Nrt+i)
TLEAKsPAPM{ 3,NE 1.1)
THPRS-PAPm(a, NFLlj)
TN4PRE.DhPm( 5NEL+1 i
THSjCS:PAPM(6,#"Ftii
THSUCc AA'*(7NEI +1)

LCQSý *PP4 (i A* vE ~ t +1 )

NWlPIST-.; I 1ýTN

SLNA S ASINGS1 HTS-TSU /16.4.s
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4.16.2 Section 1I Valve Area Calculation

Figures 4-10 an-i 4-11 illustrate the-modeline -parameters for a typical

airý:raft rotating piston hydraulic motor, Licluding those required fot area

calculat ion-ý.

Section 1 of the motor model is identical to Section 1 of the pump

model. Consult paragraph 4.2 for: a description~of this section.

4.16.2.1 Section 1 - Listing

C
r SECTP'N I VALVE AqEA CALCULATI11W FflQ CULL 361, rEGREFS REVOLUTIOJN
C:
r

C CnMPIPITr VALVINC UJOFY PrISTTTnNS FO; EIGH-TY FLrW INCREMENTS
C

hI'4Ca4.5/PTST'ff
NPRSflPw(7HPPS-5LTA4&G)/hIN^+l.

NPRSCLa(IPO.-THPPr-SLTNAr)/AI,1el

NSUSCt ? 6.-T-61S r E-StTHAC I A PIC41I

PO 4,ý- NCFGnmINPFPr)
V4C (. C ON r - F NI: F

*KIP NP nrS' -1-

PVX wAK'C * Q
IFIPVY.GT,SL r'TW) PVXaSfLrTW

IF!ALP-4A.('T* 909Q n *f~AQF AwGT*#9Qq0) rfl TO 420
ABrTA ICr 1AP iA

ALPA~hr(lS ( ALPHA)
A~ '- L I HA v P I i ( A L'PHA )

* 'A JD R (Al hV 1AAT-SIN( AP TA) *Cn-,( v ETA)

CC T!7 '5C

I. C VAqt (w'
or, C CO1T411IJ

n~o 5ý'.1 r.NvrPW-~
V~PAU~~C~~I(P3*224-SI~rT4-7.*P )"?.*03

f V
Dn 31 5

VD4 ýP a CL --
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tt 650 f4JDFG-NPPCLNSUSOP
VAREA(NDEG) .0.0

"( P 3sP

W;4sunp~l 2I SPAGE ISBESTQUALITY Pk&OnCi

IF(RVX.C-TSLflTW) RVYuSLflTb

L OCl)GV TO 660

A~iTAs; R(.*2,Pl**Z-R2**~ )/(2 CR~P1
I AL HA,C-T..Q9Q9.PR.AB TA .(' t ,glg,99) Gn TO 670,
A BE TAwAC CSfA RETA I

C00ý0 A8ETA.APC0StA4*EtA)
AL0'9A vACVS AL PRA

C36( AL0I4A-APCflS(ALPHA)
AV&4EAw PIP*AEASNAEA*D( T))
VAREA(NJDfG)v P2*PZ*(ALPHA-SIN(SLPHA)tCOS(ALpHA)),AVApEA

660 0O' TINU~

670 VWA(ANDf0)*0.0
7(,o CDosIINUE

DO 75C' NDEG:NSUQ~NUC
VARFA(NDEG) P#P*?+S0d2*?**P

750 CONTINUE
ND7*NSUiSCL+l
ND 8 *N S U L-1

WO80C NDEG-NO7,IPoe
VAREA(WEG)OVAPEAWSUOP-1)

Roo C 4T INU F
NE9*16O,/AINC

VAQEA('4DEG) 060
P50 C04ITUUF

WRITE (6,840) NPRSflPDNPROP,'4PRSCLP4PRCLNSUSOPINSUOPPNSUSCLNSUCL

DO3 860 jo1,Nj

N4'J+I*NJ4
N 5 J 44 * N!

WR9T(r, P55iVAPEaH(), VA'PEA(NJ)PNj'VAREA(N3)PdI3

~60 C 4 NT INUE
HPPESS-PPESS
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4.16.3 Section 2 - Calculation of Piston Precompression Pressure

Section 2 calculates the cylinder pressure'which exists just before the

cylinder slot starts to open to the valve plate outlet (pressure) slot. This

pressure is the 'result of piston mction during that portion of cylinder block

rotation when the cylinder slot is blocked by the valve plate, between tf'e inlut

and outlet slots.

4.16.3.1 Math Model

Piston motion is sinusodial and due to the fixed swash (SWASH) angle of

the hanger. A pressure dependent factor for leakage from each cylinder to case

3 estimated for cylinder pressure above the input case pressure as

PLEAK - TLEAK/(PRESS*NAPP)

Leakage from the case to each cylinder for cylinder pressures below ;.ase

p'.esasre is estimated from

SLEAK - -(TLEAK/NAPS/SQRT(CSPRESS))

Cavitation volume in the cylinder, if any, is calculated end tracked

throughout the cylinder blocv revolution. Piston pressures are stored for

each position throughout tie 360* calculation. Time dependent oscillatory

outlet piýssure is initialized to zero PSI.

4.16.3.2 Assumptions - For the first calculation rpm,, the piston is assumed

to be completely filled on the inlet stroke and the initial cylinder pressure

is assumed to be the input steady state value. The remainder of the simulation

uses the initial cylinder pressure of the last speed calculation. Ptessure

dependent leakage, and sinusoidal piston motion are assumed. Bulk modulus is

recalculated at each step based or the last step cylinder pressure, and the

bulk '-odulus formula used in FLUID.

4.16.3.3 Computatiop Method - The calculation is performe.... i' degree

increments (DANG) with the initial cylinder slot centerline angle (THETA)

computed from the inlet slot end angle (THSUCE) and the cylinder slot half-

angle (SLTHIAG). The number of calculation steps (NSTEPP) is tomputed based

on index positions defining the end of the inlet slot and the beginning

of the outlet slot in the valve plate.
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4.16.3.4 Section 2 -Listing

C SECTION 2- PISTVN PRECOOPPESSION CALCULATION
C

PIAwOIAPIS**7*PY/4*0
PISPR(NStJCL)=LPRE SS

SA)4.R8'RC*TAN( 5WhSHf5?*3)
QMAXuG. 3*SAm*PIA
OQFuZ.O/RH4)

1*0 ON TNUF
1?9A~jWw0MAY*Y17 eIVPP-NDlND9-N08-2

DPRE'SPa C .
LPRF SPP PI! PQ (NSUCL)
THETA-f SL1T4AG;THSUCE)/57*3
PLEAKa TLEA K/( RPESS*46PP)

~ANG- ~NC/ 7*3
A LR OPC*TAN rASW~AS")

XLAST*-SA*C0S (lHETA)
WRITFU6#925) CAVr~L,4SUCL, LDRFSO, XLASTPTHETA
D0 180 T'l,'JSTEPP
IF(LPPESP*LT*CPyPF s nTO 1e2

162DLEK*SPI(PPFS*- PRESP)*SLEAK*DT

XNEWw-SA*C0S (THETA)
DX4 YNEW -VLAST

Lf iVL- X NW*PIA
OPRPe~t(CVIL-DLEA6K-CAVOL )/LVf)L*PLVLKP

L RFESP* P~E SD+DPPES P
NP*NSU"L.I
tF(N~or;;Nf9+1) NPu-4P-~ND9
MFPRESP GT.C 01) GO TO 166
CA V~t.- A V AL -DVOL +I)L EAK
LPP-P-0.01

GO TO 16?

F(YF~vJ~o GnTo) 161l
r,%, To 161

161 CAV 1

160 F A";iý1'ý

150 p "'100.

170 CO0tTINUE,
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s s QUALIjTY FUCT1=3

4.16.4 Section 3 -Motor outlet Flow Calculation
The calculation of motor outlet flow is identical to that described

in Section 4 of the pump model, paragraph 4.5. The initial calculation Is

based on the input steady state outlet pressure.

4.16.4.1 Section 3 - Listing

SECTIrN 3- MOTfrp nITLET FLIW CALCULATION

- CAVnL*CAVILD
XLA ST*xrLD
THE TA*THFnLD

180 00T(K4)*O.C
WRITEt6, 925) C AVDjLNPLPRFSP, XLASTTLIPTA
DO ?00 1PNA PP
DO 19? Nelpso

NKw PSC P.N+CM-.1 *80
IF(NKP' GF.NPRCL+1) GO T01190s
THE TAaT HF TA+ DANG
XNEi4a-SA*CflS (THETA)
DX*XNEh-XLAST
VAsPOVVL-XNEW*PIA
XLASTaXNEW
IF(CAVnL.G-T*O.OO) G1 Tfl 18?
RULKP.BULp',l2.*(PISPP(NIep-1)-PRFSS)
IF(PISPPtNXM.-l).GF*CPRESS) GO TO IP6
LEAK*SI EAK
LK1.1.+SCPT(PRU11PJ*LEAK*DT/VA
GO TO 185

186 LEAKePLEAK
LKlu1.48BjLKP*LFD1( 0T/VA

1I45 LKa(PISPP(NK<M-1 )+PUtCLP/VA*flX*PIA)/LK1

11(5 aLKI*LK4 *0.5
LK6 w 11(4 *(1K2 -HPQ'ESS-PPT(N))
1K? aLK5+ 1(5 +AS1i'LK6)
LKI *LY +SQPTILK?ý
00')T- SInN(L~U LV6)

SFiPtj'Sr(MKM)eGT*.O1) GO Tfl 11

I F~ A fi L" LC A V rL wC .4

I~t5O~0", T1~ 190
WRI~~ ~3 CA~j.r.L NKMPISPQ(4(N"),X1ASTPDXVA,

19(b
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4.16.5 Section 4 - Fourier Analysis of MotorOutlat Flow

The motor outlet flow is mathematically analyzed as described in

Section 5 of the hydraulic pump model, paragraph 4.6. The steady state

balancing in the pump model is not done for the motor.

4.16.5.1 Section 4 - Listing

SECTICN 4- FnUQIER ANALYSIS OF MCTnQ OUTLET FLOW
C

CCJEFw.C2469
Cl.. 7753

-I s ICi)-Crsf Cl)

FNTZ.OCT(1)J *I

Is 81
C FnRM FrUPIER COEFFICIENTS RECUPSIVELY

2Z2 UO-OQT(I)+?.0*C*UI-U2
U2"Ul

IF(I11) 230P236:20
230 QOFt2J) Cf-EF* (F NTZ+C'U1-U2)

COFS(J)-C0FF*S*U1IF(J-NH,ýP"-I) L40250#250

24Y

C "U3
J a J+l

IF( OOFC (1).LE*0*,1) OQFC(l)aO-O1

r COMPUTE HARMONTIC PLOWS FROM FOURIER ANALYSIS

255 DIt ?6c I-16NHAPM
QFO IP(tK) a CMPLX(OQFS(I*1)o O0FC(I.1+)

?60 C04TIN.UE
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4.16.6 Section 5 -Outlet Pressure -Flow Balance Calculation

The motor outlet flow is dynamically balarced As described for the

pump outlet flow in Section 6 
of the~ pump model., paragraph 4.7.

4.16.6.1 Seý.tion 5. -,iti~n

C
CC SECTION~ 5- O'JTLET PRFSSURE-FLOWI BALAN4CE CALCLLATION

270 CONTINUE
I a K~

?8( -N 2) 280,290,300

W8y*PISTNO)*PI*KKI4/3Q*
* z0*ae0Ft/W*(*2v19)
* PCQ1(IPKK' FQl( ,IK )*Z0*ZIP(I)/(ZO ,Z!P(I)). 1 5.00

P68CA0S(1C'1' KK )*5.C'
i:Y ?1E.50OO ) GC Tn 281

WRM'M(e1682z P6#QQFC()

JKsO
TO*. -4.5
I'N0W 10

90UT INUE ~a? 0 a o(PK1 (Q(IK-1F1IK)

P6wCABS(PFQl1Ij1K~ TO 291

WeRIME6P168Z) 06*QQFC(l)
291 P3*P 01 (IPKKh-P0l(1,KK1)

PQ1(!,KK+1) r PQl(I,'K ) - 00l1,(lK-1I)

PP",(Il a CABS(P01(IpKKl1))
GO TO 32(,,

300 CONTINUEJ-KKN
PQ1(JIK') at ZIPWJ 0 F01IJ,*KK)

P1 Y '~e".FS0'OVO; )GU Tn 301

301 CMATINUF 6QOCl
ETA(J) o CARS(100 4t (PQ1(bX'Ki 

POJfJ#XKK1)) IP0l(JKK))

KKN - KKN + 1

JFKKN,GT*NHARM) 
GO Tr) 32-5

IWOW a F01(KAM,3)

120 CONTINUF
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4•.16.7 Section 6 - Reconstruction of Time Dependent Outlbt Pressure

Motor outlet dynamic pressures are reconstructed as described for

the pump outlet pressure in Section 7, paragraph 4.8. Balanced outlet

flov (Q(l)) and pressure (P(1)) are stored And control is passed to the

piston decompression section.

4.16.7.1 Section 6 - Listing
/

/C

C SECTION t- RECONSTRUCTION OF TIME DEPENDENT OUTLET PRESSURE
CO 330 JU1,81

J J tREALP3 )* SIN(THETA) +AIMAG(P3)* COS(THETA)
"F (PPT JILT.-HPRPSS) PPT(J)*-HPRFSS

330 CONTINUE
KK a KK 4 1
G0 TI III

33! CNTINUF
ASWAST*AStASH*57*3
tRI;E(l9OO) ASWASTSWASH,4 0 RESSPRESSQQFC( 1)

900 FORMAT(/, 71v 1, 4j3X1,F2V,• /)

P() ,PQ1(NIARM,3)

//
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4.16.8 Section 7 -- Piston Decompression Calculation

The calculation of piston pressure during decompression Is identical

to the precompression calculation described in Section 4.16.3. Index

numbers fir the decompression portion of the block revolution are used.

Cylinder cavitation volume is tracked continuously. Piston pressure is

limited to .01 psi if the cylinder cavitates.

4.16.8.1 Section 7 - Listing

C SECTION 7- PISTON DEC13MPRESSION CALCULATION
C LPRESD:PjSPR(NPRCL)

NJT V =NSUSOP-NPPCL

wri P625) CAVVL,#NPRCLLPRFSDPXLASTTHETA

(ItFFS1:tfýNAES) GO'TV 160
DLEAX-(LPPESD+DPRESDI/2-CPPESS)*PLFAK$DT
GO TO 365

360 DLEAK-SORT(C0RZ$S-LPRESD)*SLFA(*DT
365 MULKP-BULK.12.*(LFPESD-PPESS)

THE TA-THETA *rAN
XNEW.-SA*CnS(THFTA)
DX* XNEW -XLAST
DVOL a DX * PIA
LVOL s PfIVnL-XNF W "[IA
OPR SD-(DV0L-DLEAK-CAVPL)1LVOL*IULKD
XLAST-XNEW
LPRESD-LPRESD+DPPFSO

IF(L'PRM C,'TOO) Gn TO .1
CAVný-CAVRL-OVOL+DLEAKLPRE -o 01

018 CAVOL-O.e
02C PISPR(NP)-LPRESD

F(Y.E*O50.) GO TO q22
F Y.EQ*loo.O0) GO TO 922

IF(YEOQ5000,) CO TO 92?
GO TO lC.0

922 WRITE(6*q3O) CAVOLNPLPPESn#+30 XLAST•AO••L V 9LDLA~B V TT

290 F bTH FO, 5XF V3, 5XP F0.9, ?XFlC, 2 53X, FI.O3)

ic*tO C ON T IJF
CAVOLDmCAVOL
X 1L rj Lb AST
THEOLD-THETA
KKM a
KK
DO 1050 P4a1#83

0 CONTINUO ZTV
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4.16.9 Section 8 - Motor inlet Flow Calculation

Section 8 calculates the total inlet motor flow for one cycle (40- of

cylinder block rotation for a nine piston motor). Each of the active pAstons

sucking (NAPS) is sequentially incremented through 80 steps. The total outlet

flow is determined by sumumin that from each piston. The calculation is started

on the index step after the decompression ends. Pressure in the first cylinIet

is initially the final decompression value. Pressure in the other open cylinders

is equal to the sum of the previously calculated steady state inlet pressure

(LPRESS) and time dependent oscillating pressure (PPT). Cylinder pressure and

flov calculated at each step account for piston and valve plate leakage, pressure

drop across the valve, piston motion, and fluid compressibility. The math

model of this section is identical to the pump inlet flow calculation. See

Z.ection 9, paragraph 4.10 for details of the equation derivation.
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I IS k Z BEST QUALITY MRC71CABLJ1
4.16.9.1 Section 8 -Listing 7ma OY IM SHMTODC

C SECTIrN P- MOTnp INLET FLOW CALCULATIONr
CA VOL uC AVr1LD
XLA STm XDL D
THETA-THFO'Ln

C WRITE(6,925) CAVDLpNP#LPRESDpXLA5TT4ETA
Dr, 15cOU MUINAPS

DF(NKMCENSUCL?) G TO 1400
THE TA&THE TA *1ANC
XNEW*ýSA*CIS(THFTA)
VYNXUN W-XLAST
VA;POVflL-YNFW*PIA
XLI AS TnYNEW ,
IF(CAVrL GT.C.CC) GO TO 137C
BULKPwuCLJK+12.* (PIspp(NKpa-1)-PPFSS)

MpTSP(NK-1),FCPFSS)GO (0 1360
LKIulo+SCPTR(UtKP, *LEAK*DT/VA

130GO TO 1365130LEAK-PLEAR
L Kl1. 1. R UL K P* L AK *DT/V I

1?65 IK2a(PISPP(NKM-1 )+BULKP/VA*DX*PIA)/,Ik
1K3 a 4Uý*TVIK
LK'~u (nPF*VARE4(NKM )**2
LKS wt)3*LeK4 *0.,3
1K? *LI(5*LK5 +A$3S(LKý)
LK8 w-LK5 +SQPT(LK7)
CIK4uSIGN (1 KI 6)
P15P P (N $(M I 2-0 IN *L K3
IF(PISPP(NKM),GTop0l) GO TO 1380

12 7( CONT INUJF
LEAK S L FA K
OIN;ý(0.65:VAPFA(NK?4).SOPT(?..(LPQFSS+PPI(N),,R4HD)I

CAVfImCAVPL-Dx.~ IA+SL-F AK*O)T*CPPFSSOIN*D)TIU CAV!LoLPF.C).C) CAVflLP0900

IFfY NF. 5ýuO C 14
N''ýFTVAOr,(,IPS,"(NK)D *XLASTI 'X9VA,

14C,*C CONT1IrUF
155(0 CONTIýýCr
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4.16.10 Section 9 - Fourier Analysis of the Motor Inlet Flow

Section 9 performs a mathematical harmonic analysis of the time dependent

motor total inlet flow calculated in Section 8 of the motor model. Tlow is

calculated over the cycle period for each harmonic from the fundamental up to

and Including the input harmonic of interest. See Section 10, paragraph 4.11 of

the pump model for details of the calculations.

4.16.10.1 Section 9 - Listing

C
C SPCTION 9- FOURIER ANALYSIS OF MCTOR INLET FtOW

CDFP;,02469
C1,07?53
Si -SIN(Cl)

I uCOS(Cl)S-00.0

161V U2NO.el

C FORM FVURIER COEFFICIENTS RECIRSIVELY
162. UO-QT(II)+2.0*C*U1-U?

UZ-U1

* 18F11-1) 163CP163G#1620
16~30 FjJ:0FFNZCUU2

IF(J-NHAPM-1) 1640,1650,1650
l14v U3-CI*C-SI*SSOCI*S+SI#C

-U3J J

GO Tq l1
C 0I O0IFCil)QIFC(1)*.5C

C COMPUTE IARMONIC FLOWS FROM FOURIEP ANALYSIS
C

]A55 DO 1660 IsloNHAPP
FQl1I(I,() a CPPLX(OIFS(1,1), OIFC(T+1))166C CONTINUE
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4.16.11 Section 10 -Inlet Pressure -Flow Balance Calculation

After the calculation of pump inlet flow and its Four'i-r analysis

in Sections 8 and 9, Section, 10 estimates the shunt impedance (ZO). Shunt

impedance Is then combined with the system supply load impedance (ZIP)

to give the total impedance seen by the pump. This value is then used

in the dynamic press'ure-f low balance calculation. The math model is

Identical to Section 6, paragraph 4.7 of the PUMP subroutine.

4.16.11.1 Section 10 - Listing

SECTION 1,)- TNLFT P09SSUPF-FLflW BALANCE CALCLLATION

1'ý7v CONTINUE

1tPo CONTINUF
WeY*P1STN0*PI*KkN/30.

P011(1 KIK) - FQ1I(IPKK' )*Z0*zA*AI)/(76 *ZAPMI) /5.0

IF( .N AOOO) GOl Tn 1681
P7-P5*3 .C
WRTTE(6,l6P2) 07,Q!FC (1)

1 6S P3,00111 IP X)
O TO 1720l

16Q&j CONTINUE
ZO ; P011(IflK-l)
P01 I(KK) wF~lI(I#VK-1)*Z3*ZAP(T)/(7C */AP(I))

WP ITE (f~plt&) P5,C'TFC(l)

P01I(I#tK(41) w PQlI1DI1#V) - 00114(IKK-1)
PPP( I) a ATAN2(AI'¶AG(P0II(IP'K+l)),RFAU:P01I(1IP<K+1)3)
GC T4 172(

1700, CONTINUF
JnKKN
P~lI(JpVK) a ZAP(J) * FO1I(,II(K)
P5*CAS1(P01T(JPXK) )
P6-LPPF~SP'

1713 1 F (Y NT' I0,' ) CC' Tn 171 5
WPiTN (6,;1"64f? P5PQT!7C II

VK a~? 1

FOI KMý) *FQ1I(Kv\1#?)

17?O C ONT It UE
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4.16.12 Section 11 - Reconstruction of Time Dependent Inlet Pressure

Section 11 computes the time dependent inlet pressures (PET) from

each estimate of complex dynamic inlet pressure (P3) from Section 10.

The dynamic balance counter (KK) is incremeuted and control is returned

to Section 8 until dynamic balancing is completed. Complex pump inlet

flow Q (NINLT) and pressure P (NINLT) ior the harmcn%,c of interest are

then stored fcr returning to the main program.

The math model for Section 11 is identical to that for Section 12,

paragraph 4.13 in the pump model.

4.16.12.1 Section i1 - Listing

C SECTION ]I- RECOMSTqUCTIrN OF TIF'E OEPEN4OENT INLET PRESSUREC

qTHJA•0(,J-M11~e,*1*0*7ýk5

i() 4 RFAL(P1)* ,I'ý(THFTA) +ATMAG(P3)* COS(THrTA)
IF1PW'(!P.T,-'!LP ESSI PAIIJ )-LPPESS

I73M) CONTItAU L
KIK a KK + 1
PO TO 11O0

14C COINTI
Q(NINLT)-F0•I(NHA0#,3)
P NINLT)-Po Ir(NHARt',S)
RETURN
END
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APPENDIX F (CONj)

HYTRAN USER MANUAL (AFAPL-TR-76 43, VOL. 1)

6.56 TYPE #56 - HYDRAULIC MOTOR

CONNECTION NO. 2 . I -AK

<- 02 P2 r '' LA

CONNECTION NO. 1N IN
P QLEAK

3

CONNECTION NO. 3

(CASE DRAIN)

FIGURE 6.56-1

TYPE NO. 56 HYDRAULIC MOTOR

Type #56 motor is used to simulate a constant displacement hydraulic motor.

In developing the model it has been necessary to estimate certain leakage

characteristics and assume a v:iscous damping coefficient.
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CARD NUMBER I

COLUMN FORMAT DATA

"1-5 15 Component Number

6-10 15 Type Number =,56

"11-15 15 Number of Real Data Cards = 2

16-20 15 Line Number (with sign) attached to Connection I (Inlet)

21-25 15 Line Numb'r (with sign) attached to Connection 2 (Outlet)

25-30 15 Line Number (with sign) attached to Connection 3 (Case Drain)

31-35 15

36-40 15

41-45 15

46-50 15

51-55 15

56-60 15

61-65 15 iL66-70 I...

71-75 15 _____________________________

76-SO 15 Temperature/Pressure Code (See PaFg 4.0-2)

EXAMPLE CARD
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GARD NUMBLER 2

COLUMN FORMAT 1  DATA DIMENSIONS

1-10 EIO.O Motor Displacement IN 3/REV

11-20 E1O.0 Case Drain Leakage Coefficient PSI/CIS

21-30 E1O.0 Case Drain Constant Pressure Drop PSI

31-40 E1O.0 Viscous Damping Coefficient --

41-50 EIO.0 Motor Inertia IN2LBSEC2

51-60 E10.O Breakout Torque IN-L•

61-70 EIO.0 Motor Constant Pressure Drop PSI

1-80 EIO.O Motor Leakage Coefficient PSI/CIS

EXAMPLE CARD
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CARD NUMBEP3

COLUMN FORMATI DATA DIMENSIONS

1-10 EIO.0 LOAD TORQ'JE IN-LBS

11-20 EIO.O

21-30 E1O.0

'31-40 EIO.0 I

41-50 i E1o.0

51-60 E1O.O0

61-70 ElO. - I
71-8 1 E10.0

EXAMPLE CARD

r
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"APPENDIX F (CONT)

TYTRAN USER MANUAL (AFAPL-TR-76-43, VOL. I)

6.56 SUBROUTINE MTR 56

MTR 56 simulates a fixed displacement piston motor. Figure 6.56-1 shows

an axial piston motor having a stationary hanger and using valve plate porting.

The valve plate ports inlet fluid to half of the cylinder barrel, and the pistons

receiving the fluid are forced against the inclined fixed hanger. This causes

the cylinder, which is connected to the output shaft, to rotate.

The HYTRAN motor model accounts for internal leakage to case which is

directly proportional to motor pressure. The dynamic analysis of the load and

case flows and port pressures are functions of motor inertia, volumetric dis-

placement, viscous damping, friction, and shaft rotation.

CONNECTION NO. 2 1 L ,K

A-0 2-_

"--+QI P1 eM........

CONNECTION NO. I 1 QLEAK

CONNECTION NO. 3

FICURE 6.56-1
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6.56.1 MATH.MODEL

MTn56 simulates a simple hydraulic motor. Figure 6.56-2 shows the various

torques acting on the motor.

TI T d Ti Tf.

Tg

Figure 6.56-2

Summing the torques yields:

TI . T i -d -T

where T1 . risisting load torque on the motor (in.lb)

T - genetrated motor torqiip

T, .resisting torque due to motor inertia

Td-resisting torque due to danping

T f .resisting torque due to fric tion

The load torque (T I) is set to zero. The other torques are defined as:

Tg - JjH*(Pl..P2)

Ti ALPHA*I - (RPS-RPS lat)*I/ t

Td - CD*DM*P*RPS

Tf a!LS-*CF*DM*(Pl+P2)

Ti-IRPSI
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where, ( 3
DH = motor displacement (IN 3RAD)

P1 inlet pressure (PSIA)

P2 outlet pressure (PSIA)

RPS- motor speed (RAD/SEC)

RPlast - last time step calculation of motor speed (RAD/SEC)
CD = damping coefficient

- fluid viscosity (IN2 /SEC)

CF - coefficient of dynamic friction

t = calculation time step (SEC)
2I - 'motor inertia (LB*IN*SEC )

Using the last time step's calculation of PI, P2 and RPS, a value for the friction

torque may be calculated.

Tf=RPSas
T f RPSlast *CF*DM*(PI+P2) = DFRIC

IRPS lasti

"Grouping of the inertia and damaping components of the torque equation allows

further simplification.

Td +T, = CD*DM*ij*RPS + (RPS-RPS )*I/At

d last

= RPS(v*DM*CD+I/At) - RPSlt*I/At

By defining the variables:

DAMP - CD*li*DM+I/AT

CINERT-'RPS ast*I/At

The torque balance becomes

T1 = DM*(PI-P2) ýRPS*DAMP-DFRI('+CINERT

with P1, P2 and RPS being the unknoj.-s

The flow diagram for the motor, Figure 6.56-3 gives the following flow

relationships:
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Ql QM Q2

Cl I C2

S•~CASE <

Q3 13

Figure 6.56-3

Qi- (Cl-Pl)/zl (1)
Q2 - (C2-P2)/z2 (2)
Q3 - OCIr+C2 - (C3-P3)/Z3 (3)
Qf" RPS*DH

QCl . (PI-P3)/ZCASE

QC2 - (P2-P3)/ZCASE

where

ZCASE case leakage coefficient (P.ST/CIS)
P3 case drain pressure (PSIA)

Initially assuming QCI and QC2 are zero one can write

PI ft Cl - DM * RPS * ZI

P2 ft C2 + DM * RPS * Z2
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having found PI and P2 in terms of RPS, the torque balance becomes

TL - DM (PI-P2) + CINERT - DPRIC - FPS * DAMP

the solution of which i3:

RPS - (DM (Pl-P2) + CINERI - DPRIC - FRPS * TL)/DAMP

where

T a Load Torque
L

All the motor flows may now be calculated and P3 determined using the values cf

P1, P2 and C3.

6.56.2 ASSUMPTIONS

Breakiout pressure drop is assumed to follow the relationship

delta P brk *5*Pinlet + 30, which was derived from the test results.

The coefficient of dynamic friccion is assumed to be .106.
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6.56.3 COMPUTATIONAL METHOD

1000 SECTION

In the 1000 section, all DT variables are initialized to zero and the

leakage terms are corrected for viscosity.

1500 SECTION

A check is made for the leg under calculation (pressure, return,

case drain), by which control is routed to one of three areas.

If the motor connection in the leg is number one (pressure), DT(PI)

is set equal to the upstream node pressure and control is returned to the

program.

If the motor connection is number 2 (return), new values of the upstream

pressure and laminar flow coefficient are calculated using the leg flow and

cross port leakage term. DT(P2) is set equal to the upstream pressure.

If the leg under calculation is connected to the case drain port, the leg

flow and case drain leakage term are used to calculate new values of upstream

pressure and laminar flow coefficient. DT(P3) is set equai to the upstream

pressure.

2000 SECTION

The 2000 section corrects cross port and case drain impedances for

viscosity and calculates the constant DT(DAMP).

3000 SECTION

Predicted -alues of P1, P2, and P3 are wade based on the line

equations. These values are used to caleulate the dynamic friction force,

the motor delta P for a brea!'out check, and case drain parameters.

From the predicted pressures, values of the temporary variables are

calculated.

A check is then made, using the predicted values of PI and P2, to see if

the pressure drop across the motor is sufficient for breakout.

If the last calculation cf RPS is zero and the predicted value of the

pressure drop is less than that required for breakout, flows and pressures

are calculated using the leakage characteristics of the motor.

If breakout conditions are met, a new value of RPS is calculated, from

which flows and pressures are calculated.
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"6.56.4 APPROXIMATIONS
Case drain flow is calculated based on a predicted value of casepressure from the previous time step. Since cross port leakage is negligible,

it is neglected when the motor is moving.
6.56.5 LIMITATIONS

The sign of the dynamic friction term is determined from the last time
steps calculation of RPS. This will cause a slight inaccuracy when the
model passes through zero RPS during a reversal.

6.56.6 VARIABLE NAMES
VARIABLE 

DESCRIPTION 
UITS

ARPS Absolute Value of Motor Speed RAD/SECBRAKEP 
Breakout Pressure DropSS~PSI

D(BRAKET) Breakout Torque 
IN-LBD(CASE) Case Drain Leakage Coefficient 
PSI/CIS

CIN/COUT Temporary Variables
CINERT Torque Due to Inertia 

IN-LB-RADD(CDROP) Motor Pressure Drop Coefficient 
PSI/CISDT (DAMP) Inertia Damping 
IN-LB-SEC2DELT Calculation Time Interval 
SECDELTP Motor Pressure Drop 
PSI

DFRIC Torque Due to Dynamic Friction
D(DM) Motor Displacoment 

IN /RAD
D(INERT) Inertia of Motor'
L1, L2, L3 Dummy Variables
D(LT)RQ) Load Torque 

IN--LBDT(PI) Inlet Pressure 
PSIDT(P2) Outlet Pressure 
PSIDT(PD) Case Drain Pressure 
PSTQA Flow 
ciS

QS F..' Sign
QCJ Inlet to Case Flow 

cis
QC2 Outlet to Case Flow 

cisDT(RPS) Motor Speed 
RAD/SEC

DfVIDAzip) Viscous Damping Coefficient
DT(ZCASE) Caxe Drain Impedance 

PSI/CIS
Zi ftemporary Variable
Z2 Temporary Variable

Z3 Temporary Variable
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6.56.7 KTR56 SUBROUTINE LISTI~NG

Ma 0012 FkRIAbH3U TO DOG
SURPOUTIIKF M TR 36(D:DT DDpLJ

C *** REVISED jUL Y1976
PIMENS!ONP nfl)fB),T(I0),DDMW5 13, L(52MGPPNPT(1#)

COMO TFLPLN LPLPLI PTJ IIN T, iPTINLNLTOLLPT63)

1,Z(3Ce),PHn(20) ,S2PIQH)(?O), VTSC(2O),RU[I(2(Z)PTEP¶P(2O), PVAP(2O)
2,AT00fSpTDFLT, TFIkALP PLTI)ELP 9ITITLE (20)p LEGNP ICON
3,KTEMP(99),L START(jI50) NLP,;( 150) ,LTY0)E(99) ,NC(99 ),INXTNZ

INTEGE R Cm CAS EP CPflRTP VI WAýPv DAMP, 7CASFZLF AKPIP02v P3,RPSp
IBREAK'T PVk'!PO NJ T PVDC ASF C,C)POP

C r APQAY VARIA'LS**
PATA flM/1/,CASF/2/,,PDCIASEi 2 /,VTOA"P/4/,INERT/5i,8PBRAKT/6/
4 

0 DP')P/7/pCPDPrP/P/pLTlP(t/9/
C p* l AikPAY VAPIAPLIS

I ý!I F4TP )1000, 20L-, ;(;
C
r *** 1030 SFrTTrJN
1.C(iO C04TINVE

SF(INELdE 016)rJ TOl 15)O
C 1001Twi 0.11

C '*LEAKACE COEFFICIENT VISCCSITY CORRECTION *
C *4VISCGSITY flF MIL-H-76(i6F AT 125 Fo..213 *

r STEADY STATF SECTIr'w
1600 CONT-INUF

1'iC2 C 0TN'IUF
QA*Dri EG( INEl,pl
OSvP0LFG( PJELv2)
PCLEU INFLt):PCLEC. ( NiL,#6)+D(CPDRn0 )

FT De2 00 G I RoFLll)
PETUPI'I

Im03 0AvP0LFG(IN'FL,1)
PQLFGfINrL,5)uPOQcC((NFt,!.)-D(PDCASE)

PQLEcINýFL,1]).POLFG(ttFL,]1)-OA*Of*r,(CA5E)-D(PflCASf)
ST (03) w0C f G (I~ F1,11
PETUQ!N

C *** 2000 SFCTION
20Oc C0O4TINUF

0T(7CASF)w7(L(3)3)*iDTtPl)+pT(P2))-2.*7(L(3fl*rT(P3)
OT(7CASF).t)TiCAýF)/(DT(F3)-C(L(33)))

q00 F0R4ATf5Xy8r12.ý)
PETUQN
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6.56.7 MTK56 SUBROUTINE LISTING (CONTINUED) !AS~ D)

L I31 (I )

PCAVuP V AP!IK IPjpr) )

ClNE'0Tw0T( P S)#F0fTEPT3/DEL r
flFLT 0 .FT(3l )-T ( P2)0OUrw'T(P?)
IF( lrLTO LT QC )PftltTaDT(Pl)
IFCARU'FL LTP).LTRPAKzP.A1%'IARPS.Lr.1Q. ) GO Tr 3010

COJT*C(Li)

DrOVTusfUT~nlnM)*()T(Pcý,*?rtIT

cn If' 304,..

nI 'P3)wC (1 l)-Qt13) *2(13)
PCL3)-CTh'3)

E ET Uf<
.140CnNTTNU--

FT( L I i -D 1

T ( P2) - De Fý T) I'C

*TP)7C 13) '(FTC m1)eDTPICF) r) T(C 743F) C (13)

I FC OTC (9 ) , LTo OrAV) 1T( P 3) -PIC AV

IF(rTfP3).Frl.PCAV)CJ TO 31iud
r-O TO 2c ?L

3100 QC(L3 )- 0 (L ' )~-(T (PI ) W(1'?

SFt ,:T ( Oj).0L F.0l.0) rncONý T)

FNI
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